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ABSTRACT 

I n i t i a l  a n a l y t i c a l  and e x p e r i m e n t a l  i n v e s t i g a t i o n s  were conducted 

to e s t a b l i s h  d a t a  and d e s i g n  procedures  p r i o r  t o  a demonst ra t ion  of t h e  

Annual Cycle Energy System (ACES) i n  a n  a c t u a l  b u i l d i n g .  ACES i s  a n  

i n t e g r a t e d  sys tem f o r  s u p p l y i n g  space. h e a t i n g  and c o o l i n g ,  and domest ic  

h o t  w a t e r  t o  a b u i l d i n g  through t h e  u s e  of a h e a t  pump, a thermal. s t o r a g e  

u n i t ,  and a n  outdoor  r a d i a t i v e l c o n v e c t i v e  p a n e l .  The h e a t  pump extracts 

energy from a tank  of s t o r e d  water t o  p r o v i d e  w i n t e r  h e a t i n g .  The ice 

t h a t  i s  formed i s  accumulated f o r  subsequent  use  i n  meet ing the c o o l i n g  

requi rements  of t h e  b u i l d i n g  i n  tlie summer. 

A components test a s s e n b l y  w a s  c o n s t r u c t e d  co measure t h e  rates of 

h e a t  t r a n s f e r  d u r i n g  ice b u i l d u p  and b r i n e  chill.:i.ng o p e r a t i o n s ,  t o  assess 

the d e s i g n  requi rements  of t h e  e v a p o r a t o r  and the d e s u p e r h e a t e r  f o r  pro-  

ducing domest ic  h o t  water u s i n g  r e f r i g e r a n t  s u p e r h e a t ,  and t o  i n v e s t i g a . t e  

the mechanical  s t a b i l i t y  c h a r a c t e r i s  t i c s  of t h e  ACKS f r e e z i n g  c o i l s  which 

are submerged i n  t h e  water s t o r a g e  tank .  The f i n d i n g s  of t h e  e x p e r i m e n t a l  

program are p r e s e n t e d  and a n a l y t i c . a l  methods f o r  o p t i m a l l y  s i z i n g  system 

components accord ing  t o  t h e  thermal  c h a r a c t e r i s  t i c s  of a b u i l d i n g  and t h e  

c l i m a t i c  zone where i t  i s  l o c a t e d  are developed. ‘ I l ie c a l c u l a t i o n  of t h e  

annual  c o e f f i c i e n t  of performance f o r  t he  ACES i s  i l l u s t r a t e d .  



This  r e p o r t  d e s c r i b e s  t h e  f i n d i n g s  of t h e  i n i t i a l  phase (January 1, 

1975 t o  June  3 0 ,  1995) of t h e  program f o r  a s s e s s i n g  t h e  Annual Cycle  

Energy System (ACES). The ACES is an i n t e g r a t e d  system which u s e s  a h e a t  

pump and a thermal -s torage  b i n  t o  p rov ide  space  h e a t i n g  and c o a l i n g  and 

domest ic  h o t  water. The h e a t  pump e x t r a c t s  t h e  r e q u i r e d  h e a t  from a 

f i x e d  volume of s t o r e d  w a t e r  which is conver ted  i n t o  ice d u r i n g  t h e  

h e a t i n g  season .  

c o o l i n g  t o  the b u i l d i n g  and is mel ted ,  

The primary purpose of phase  1 a c t i v i t i e s  w a s  t o  assemble and t o  

v e r i f y  expe r imen ta l ly  t h e  des ign  d a t a  r e q u i r e d  f a r  a r e a l - l i f e  demon- 

s t r a t i o n  o f  the ACES concept .  The i n t e n t  of t h e  planned demonst ra t ion  

program i s  t o  a c c e l e r a t e  i n d u s t r y  acceptance  of t h e  energy-saving concept  

by a c q u a i n t i n g  t h e  manufac tur ing ,  u t i l i t y ,  and b u i l d i n g  c ~ o n s t r u e t i o n  

i n d u s t r i e s  w i t h  t h e  advantages  and c o s t  e f f e c t i v e n e s s  o f  ACES f o r  resi- 

d e n t i a l  and commercial a p p l i c a t i o n s .  

During t h e  c o o l i n g  season ,  t h e  s t o r e d  ice  p rov ides  s p a c e  

Subsequent t o  t h e  i n i t i a l  i n v e s t i g a t i o n s  d e s c r i b e d  i n  t h i s  r e p o r t  

an  ACES demons t r a t ion  house  has been c o n s t r u c t e d  i n  Knoxv i l l e ,  Tennessee.  

The ACES development program i s  now c o n t i n u i n g  under  j o i n c  sponsor sh ip  

of t h e  Energy Research and Development Adminf s t r a t ion  and the Department 

of Housing and UrSarr. Developments 
Following are t h e  a c t i v i t i e s  covered i n  the Phase 1 program: 

1.. P Syspern Ana lys i s  and Performance 

A n a l y t i c a l  i n v e s t i g a t i o n s  were conducted t o  e s t a b l i s h  a b a s i s  f a r  

materials and components s e l e c t i o n  and t o  de te rmine  t h e  requi rements  o f  

c o n t r o l s  des ign .  Computer p r o g r a m  were developed t o  assist i n  t h e  

des ign  o p t i m l z a t i o n  of an ACES d l ; m ~ n ~ t r ~ i t i o i i  i n  an a c t u a l  b u i l d i n g .  

w e r e  conducted t o  detelsnine the performance and c o m p a t i b i l i t y  of systems 

components. The expe r imen ta l  w o r k  r e q u i r e d  the des ign ,  c o n s t r u c t i o n ,  

and o p e r a t i o n  of an  ACES components test assembly. This  test assembly 

w a s  used t o  e x p l o r e  p o s s l b l e  m e c h a n i c a l - s t a b i l i t y  problems of t h e  ACES 

heat-exchanger  c o i l s ,  which a r e  submerged i n  t h e  i c e - s t o r a g e  t a n k ,  and to 

Tests 
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v e r i f y  t h e  d e s i g n s  of t h e  i n t e r m e d i a t e  h e a t  exchanger and of t h e  h e a t  

exchanger for h e a t i n g  domest ic  h o t  water u s i n g  r e f r i g e r a n t  s u p e r h e a t .  

H e a t - t r a n s f e r  rates d u r i n g  ice-bui ldup  and b r i n e - c h i l l i n g .  

1 . 2  Program P l a n n i n g  

P l a n s  were developed f o r  t h e  c o n s t r u c t l o n  ( i n  K n o x v i l l e ,  Tennessee) 

of a s i n g l e - f a m i l y  r e s i d e n t i a l  b u i l d i n g  equipped w i t h  an  AGES. 

performance of t h e  system under  rea l i s t ic  o p e r a t i n g  c o n d i t i o n s  w i l l  b e  

measured t o  conf i rm t h e  adequacy of t h e  d e s i g n  procedures .  Contac ts  

with i n d u s t r i a l  o r g a n i z a t i o n s  i n t e r e s t e d  i n  ACES have been main ta ined  

and s t r e n g t h e n e d  s o  t h a t  c o o p e r a t i o n  l e a d i n g  t o  an early commerc ia l iza t ion  

of ACES can b e  achieved.  The c o o r d i n a t i o n  of r e s e a r c h  and development 

e f f o r t s  w i t h  i n d u s t r y  w i l l  b e  main ta ined  as a n  e s s e n t i a l  p a r t  of f u t u r e  

ACES program ac t iv i t i e s .  

The 



2. THE ANNlJAL CYCLE ENERGY SYSTEM 

2. I I l i s t o r i c a l  Background 

The Annual Cycle. Energy System (ACES) offers a n  a t t r ac t ive  rwans o f  

p r o v i d i n g  h e a t  f rom the I -a ten t  heat: of f u s i o n  o f  water. The ice produced 

by a water - to-a i r  h e a t  pump i n  the wrinter i s  s t o r e d  t o  p r o v i d e  "frse" air 

c o n d i t i o n i n g  i n  t h e  summer. To a g r e a t  ext:erit, t h e  ACES concept is n o t  

rea l ly  new, The idea of u s i n g  a k a t  pump t.o heat. houses was first sug-  

g e s t e d  i n  lS52 by Lord Kelvin ( F J i l . l i a m  Thompson) i n  a p a p e r  p resented  

b e f o r e  the Royal S o c i e t y .  The paper, entitled "On t he  Economy of Heating 
and Cooling of Buildi .ngs by Means o f  C u r r e n t s  of A i r , "  was publ i shed  i n  

t h e  December 1852 i s s u e  of t h e  CZasgow Phz: Z-osoph-icixl S o c k  &y P~oceetlGzg~. 
'Today, a i r - to-a i . r  h e a t  pumps have hecome q u i t e  common in many areas of 

t h e  l ln i ted  S ta tes .  

I n  t h e  United States ,  i n t e r e s t  i n  h e a t  pumps was r e v i v e d  i n  t h e  l a t e  

1 9 2 0 ~ ~  and i n  1932 a p a p e r  by  F. H. F a u s t  etr. al,, e n t i t l e d  "Appl ica t ion  

of R e f r i g e r a t i o n  t o  Heat ing and Cooling of Homes, I r  w a s  p u b l i s h e d .  

paper sugges ted  t h a t  e x t r a c t i n g  heat from an i n s u l a t e d  tank  of w a t e r ,  r a t h e r  

than from a i r ,  would be desirnbS.e because  t h e  e . f f ic iency trf t h e  h e a t  pimp 

would be i n c r e a s e d .  According t o  t h e  p a p e r ,  ' l a  , It h a s  been sugges ted  

t h a t  t h e  l a t e n t  heat: of the water be extracted by Ereezing i t ,  L n  

Washington ( D - C . )  the amount o f  ice  .Eonned d u r i n g  t h e  winter I n  Eleating 

a 14,00U-ft3, wel l - insu l ,a ted  house woul.d be  2.1.0 tons  

would make a pi1.e  about  h a l f  the s i z e  of t h e  house." T h i s  i d e a  a t t r a c t e d  

t h e  a t t e n t i o n  of H .  C .  Fiscrher, who i~ i  the  mid-1950s extended the concept 

t o  i n c l u d e  keeping t h e  i ce  formed a t  the end o f  the  h e a t i n g  Lieason and 

u s i n g  i t  l a t e r  f o r  space cool ing .  I n  t h i s  w a y s  the I1eaeing and c.orsi:i.ng 

l o a d s  of a b u i l d i n g  ase balanced  over  a cornpI.ete annual  cyd.e, g r e a t l y  

reducing t h e  t o t a l  e x p e n d i t u r e  of energy .  

The. 

or 7800 f t 3  I w h i c h  

.k 

I_-- 

it 
H. C .  F i s c h e r  was a c o l l e a g u e  of F .  H a  F a s t  a t  t h e  Ge.ntz.ral Electr ic  
Company i n  t h e  1950s.  Mr. F i s c h e r  is p r e s e n t l y  w ~ r k i r i g  as a consultaiIt 
t o  t h e  ACES program a t  t h e  Oak Ridge  Nati.ona.l. Labora tory .  
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2 . 2  Concept. D e s c r i p t i o n  

'The ACES ' is e s s e n t i a l l y  a thermal -s torage  system f o r  b a l a n c i n g  t h e  

c y c 1 . i ~  h e a t i n g  and c o o l i n g  l o a d s  of a b u i l d i n g .  The ACES equipment reqi i i re-  

ments c o n s i s t  b a s i c a l l y  of a r e f r i g e r a n t  compressor o p e r a t i n g  as a unidi . -  

rec t i .ona l  h e a t  pump, an  air-cool.ed condenser f o r  space h e a t i n g ,  a wntcr- 

cooled condenser f o r  ilomest-ic w a t e r  h e a t i n g ,  a c h i l l e d - w a t e r  c o i l  f o r  a i r  

c o n d i t i o n i n g ,  a brine-heated e v a p o r a t o r ,  ice-Ereezing c o i l s ,  an i c e  b i n ,  

and a c i r c u l a t i o n  system w i t h  c o n t r o l s .  A l l  o f  t h i s  equipment e i t h e r  i s  

a l r e a d y  commercially avail.abIle o r  c.an be adapted Erom e x i s  (.ing u n i t s .  

F igure  1 shows a schemat ic  diagram of t h e  syst:em, 

Heat. i s  o b t a i n e d  by f r e e z i n g  t h e  w a t e r  l o c a t e d  i n  t h e  i c e - s t o r a g e  

s t ruck-ure (F ig .  1) and i s  pumped by t h e  u n i d i r e c t i o n a l  h e a t  pump f o r  

d e l i v e r y  t o  the  b u i l d i n g .  During t h e  summertime, t h e  m e l t i n g  of t h e  i ce  

provides  a i r  c o n d i t i o n i n g  t o  t h e  buiS.ding; a t  t h e  same t i m e ,  t:he summer 

h e a t  is s t o r e d  i n  t h e  water  by i.nc-reasing t h e  ent:halpy o f  t h e  water as 

i t  c-hanges from t h e  s o l i d  t o  t h e  l i q u i d  s t a t e .  The c y c l e  i s  r e p e a t e d  each 

y e a r ,  arid t h e  major energy i n p u t  i s  s imply t h e  energy requ-Lred t o  o p e r a t e  

t h e  h e a t  pump dur ing  t.he heat i .ng season .  

F igure  2 i l l u s t r a t e s  t y p i c a l  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  ACES as 

c o n t r a s t e d  w i t h  t h e  c o n v e n t i o n a l  a i r - t o - a i r  h e a t  pump. A s  sho~sfl, t h e  

ACES h e a t  pump o p e r a t e s  between r a t h e r  c o n s t a n t  e v a p o r a t i n g  and condensing 

tempera ture  l i m i t s  of 20 and 105°F  respecti.ve1.y. Thus, t h e  system can be 

opti.mized t o  t h e s e  t:empecatures t o  o b t a i n  a higli c o e f f i c i e n t  o f  perforinatice 

( C O P ) .  Using compressors c u r r e n t l y  a v a i l a b l e ,  a COP of 3.5 can be reached 

on t h e  h e a t i n g  c y c l e ;  moreover, t h e  use of high-ef f.i.ciency compressors now 

coming on the market rnay enable  a COP of 4.0 t o  be achieved on t h e  h e a t i n g  

c y c l e  a l o n e .  

I n  a s s e s s i n g  t h e  o v e r a l l  performance of the  A C E S ,  however, b o t h  t h e  

heat:i.iig and c o o l i n g  c y c l e s  must b e  taken  i n t o  account .  Because b o t h  t h e  

h e a t i n g  and cool ing  c a p a c i t y  of t h e  h e a t  pump are u t i ] - i z e d  beaef i c i a l - l y ,  

t h e  average annual  COP of t h e  system is  increased. The annual. COP of t h e  

ACES,  negl-ect ing system losses,  i.s d e f i n e d  as 

(hen t i n g )  ( c o o l i n g )  
h e a t  of  r e j e c t i o n  + heat  of -.~......_.......__I._ a b s o r p t i o n  . COP (annual.) = - ._.... 

e l e c t r i c a l  energy i.nput 
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CANL-DWG 15--3855R3 

OUTDOOR COIL 

. .. 

HOT 120" WATER 
-i;---\ 

HOT WATER 
STORAGE 

TANK 

WATER HEATER 
OESUPERHEATER 1 
CONDENSER 

MODE OF OPERATION : HEATING 
BLOWER : ON 
PUMP: ON 
COMPRESSOR: ON 
VALVE f : CLOSED 
VALVE 2 :  OPEN 
VALVE 3 :  CLOSED 
VALVE 
'JALVE 
VALVE 

4: CLOSED 
5: CLOSED 
6: POSITION A 

Fig. 1. Schematic diagram of t h e  ACES as app l i ed  t o  a s inglz- fami ly  
residential building. 
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o p e r a t i n g  c o n d i t i  o m .  

In estimating t h e  actual COP of i:he ACES, system 1-osses must be  t aken  

i n t o  accomi:.  These losses  r e s u l t  p r i m a r i l y  from pumping p o w e r  r e q u i r e -  

writs .md f rom heat  I-eakage i n t o  t h e  i.I . :e  3 i n .  Heat: l eakage  i n t o  t h e  b i n  

du r ing  the c-ooling s m s o i l  is  u n d e s i r a b l e  because t h e  amount of i c e  avail- 

a b l e  f o r  a i r  c o n d i t i o n i n g  i s  reduced.  The r e s u l t s  of prel . iminary i-nvesti- 

gations i n d i c a  tie t h a t ,  d c p c d i n g  on the. s i -ze  of t h e  water-storage t ank ,  
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prope r  i n s u l a t i o n  of t h e  t o p ,  s i d e s ,  and bottom of t h e  t ank  can reduce  

t h e  ave rage  monthly r a t e  of h e a t  l eakage  t o  about  3% of t h e  t ank ' s  thermal-  

s t o r a g e  c a p a c i t y .  On t h i s  bas i s  t h e  a c t u a l  annual  COP of t h e  ACES i s  

e s t i m a t e d  t o  be about 4 . 2 5 ,  using present  technology.  With new h igh-  

e f f i c i e n c y  compressors ,  r h e  annual. COP of t h e  ACES would be approxi inately 5. 



2 . 3  C l i m a t i c  J n f l w n c e s  on AGES Design and A p p l i c a t i o n  

Under optimum c l ima t i c  coi:id.iti.oi-rs, Ehe annual  C O P  of t h e  ACES h e a t -  

pump system may be as h i g h  as 5 because  b o t h  h e a t i n g  aiid c o o l i n g  o u t p u t s  

of the heat: pump are used.  I n  80% of  the ULilted S t a t e s ,  t h e  leair ing and 

coo l ing  requi rements  are i n  bal.ancs o r  can  be brought  i n t o  b a l a n c e  f o r  

a w e l l - i n s u l a t e d  b u i l d i n g .  Reduction of i ce -b in  i n s u l a t i o n ,  ga in  of h e a t  

from t h e  o u t s i d e  a i r ,  o r  use of sol.ar pailels o r  o u t s i d e  a i r  c o i l s  are 

possibl-e  means f o r  compensating f o r  h e a t i n g -  and cool . ing-load imbalances 

i n  the Noriiii. I n  t h e  South ,  o c c a s i o n a l  suppl.ementa1. compressor o p e r a t i o n  

as an  of f -peak  i c e  maker may be n e c e s s a r y  i n  tIici s u ~ m e r .  I n  g e n e r a l ,  the 

q u a n t i t y  of water t o  be  frozcrn sho1-tJ.d be such  t h a t  t h e  amoimt of h e a t  

energy ob ta ined  is s u l ' f i c i e n t  t o  supply  t h e  h e a r i n g  l o a d  of t h e  b u i l d i n g  

through t h e  c o l d e s t  1 2  weeks of t.le h e a t i n g  season .  

Obviousl.y, i n  ti112 p r o g r e s s i o n  toward more n o r t h e r l y  Pa t - i t udes ,  t h e  

w i n t e r  h e a t i n g  l o a d s  i n c r e a s e  and t h e  summer c o o l i n g  l o a d s  dec rease .  I f  

o n l y  t h e  h e a t i n g  and c o o l i n g  l o a d s  of a well-insuJ.a.ted r e s i d e n t i a l  b u i l d i n g  

are cons ide red ,  t hey  are f o u a d  t.o h e  I n  b a l a n c e  a t  a l a t i t u d e  of about  

38" N .  However, i f  domest ic  hot-water h e a t i n g  i s  added t o  t h e  space-  

h e a t i n g  Load, t h e  b a l a n c e  p o i n t  s h i f t s  sout.hward t o  a 1-a t i t ude  of  about: 

36" N (about  the I.at.it:ude o f  Nashvill .e,  Tennessee ) ,  The b a l a n c e  p o i n t  

f o r  3 poor ly  i n s u l a t e d  home is  f a r t h e r  sout.1-i t:han f o r  a w e l l - i n s u l a t e d  

one. :Ln areas n o r t h  of (:he b a l a n c e  p o i n t ,  s t e p s  must be t aken  t o  preven t  

t h e  bu i ldup  of more ice  i n  t h e  w i n t e r  t h a n  is  necessa ry  f o r  summer cool. ing,  

This  conLroI can h e  ach ieved  by u s i n g  some a l t e r n a t i v e  h e a r  s o u r c e ,  such 

as s o l a r  energy ,  t o  i r p e d e  t h e  forniaiiinn of i c e  and t o  b r i n g  t h e  b i n  s i z e  

i n t o  ba l ance  wi th  t h e  s u i i m e r  c o o l i n g  requirement::;. So1 .a~  energy i s  

abi.indanr:ly avail.ab1.e f o r  t:his purpose  du r ing  b o t h  t h e  e a r l y  (Sepirember 

through October)  and l a t e  (March iihrough May) p o r t i o n s  of t h e  h e a t i n g  

season .  

The the rma l  s t o r a g e  and s o l a r  energy  co1.1 e c t i o n  rcqui-cements f o r  a 

we1.l-insulated 1.800-f t 2  house equipped  w i t h  an  ACES have been  estiniat ed 

f o r  d i f f e r e o c  l o c a t i o n s  i n  t h e  Uni ted  S t a t e s ,  Fri-gure 3 shows the varia- 

t i o n s  i.n rcqui red  i c e - s t o r a g e  volume,  s o l a r  p a n e l  s i z e ,  and supplementary  
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n 
30 32 34 36 38 40 4 2  44 

I AT iTUDt  N (deg)  

F i g .  3 .  E f f e c t  of l a t i t u d e  on h e a t i n g  l o a d ,  i c e  s t o r a g e ,  s o l a r  p a n e l  
s i z e ,  and supplementa l  compressor o p e r a t i o n  f o r  ACES-equipped house.  

summertime compressor o p e r a t i o n  f o r  g e o g r a p h i c a l  k 3 C a t i O n S  ranging  f r o m  

F l o r i d a  t o  Minnesota.  I n  Minneapol is ,  a t  t h e  n o r t h e r n  end of t h e  normal  

ACES t e r r i t o r y ,  ACES s u p p l i e s  a l l  of the a i r -condi t ion t r ig  lcmd, a l l  of 

t h e  domest ic  hot-water  l o a d ,  and 31% of  t h e  space-hea t ing  l o a d .  T h e  

remaining 49% of t h e  space-hea t ing  l o a d  i s  l u r n i s h e d  by supplementary 

s o l a r  p a n e l s .  

i n  t h e  Corm of a ver t ica l  s o l a r  w ~ I 1  OK f e n c e  i s  r e q u i r e d  t o  c o l l e c t  t h e  

46.6 mil- l ion  Btu o f  energy needed t o  b a l a n c e  s e a s o n a l  h e a t i n g  and cool ing  

In t h e  Minneapol is  r e g i o n ,  about  250 ft2 of s o l a r  p a n e l  
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loads ; .  rhp c o l l e c t c d  s o l a r  cncrgy i s  s t o r e d  i n  t h e  i c e - s t o r a g c  b i n  and 

e l e v a t e d  t o  space-heat i i ig  tempprai ilre by t h e  ACES h e a t  pump. 

In A t l a n t a ,  ail ACES would p rov ide  t h e  housr cons idered  above w i t h  

d l  tile energy reqiij-rpd f o i  spacP h e a t i n g  a i t l  f o r  domest ic  water h e a t i n g  

and would m e e t  581; of t h e  sumnler a i r -co i id i t ion i i ig  needs .  I'hr remaining 42% 

of t h e  a i r - c o n d i t i o n i n g  load  could  he s h i f t r d  t o  nightL;.me o p e r a t i o n  to 

t a k c  ,arltdiitage of b e t t e r  opcrai  iiig c o n d i t i o n s  2nd lower off-peak e l e c t r i c  

ra tes .  Whether o r  n o t  ACES can  be a p p l i e d  economical ly  i n  l o c a t i o n s  f a r t h e r  

s o u t h  I-lian A t 1  a n t a  depends on t h e  s e a s o n a l  power-rate  s i - r i ic ture  of t h e  

g iven  l o c a l i t y .  

2 .4  A l t e r n a t i v e  Modes of ACES Opera t ion  

While the ACES i s  i.ni-.ended pr imar i - ly  t o  p rov ide  space  h e n t i n g  and 

coo l ing  of b u i l d i n g s ,  i t  can also be used t o  produce domeslric h o t  water. 

Water h e a t i n g  is i- iuportant  because  i n  many c l i m a t i c  zoL1es t h e  energy 

r equ i r ed  f o r  tihis purpose c o n s t i t u t e s  a s u b s t a n t i a l .  p o r t i o n  of t h e  t o t a l  

energy requi rement  of t h e  b u i l d i n g .  For  exampl-e, c a l c u l a t i o n  f o r  a 

2000-f t2  s i n g l e - f  amily home i n  Knoxv i l l e ,  l'mn.es;ee, show t h a t  t h e  a-nnual 

energy consumptions f o r  space  h e a t i n g ,  f o r  space c o o l i n g ,  and f o r  water 

h e a t i n g  are ,  r e s p e c t i v e l y ,  l1.3.8 m i  I.l.ioii, 22 e 7 mi l . l ion ,  and 16 .2  m i l l i o n  

Btu /year .  These c a l c u l a t - i o n s  are based O i l  assumed h e a t  losses through 

b u i l d i n g  s e c t i o n s  i n  accordance  wi-tli HUD minimum prope r ty  s t a n d a r d s .  

I n  t h e  ACES des ign  show,:t i.n F ig .  1, high- tempera ture  supe rhea ted  

r e f r ige ran t :  vapor  i s  pumped to a d e s u p e r h e a t e r  coildenser t o  produce 

domest ic  hot wster a t  a mini.rnim tempera ture  of  120°F. During mi ld  weather  

and du r ing  s l i m m e r  months t h e  compressor is oper;itecl s e v e r a l  hour s  each day 

t o  m e e t  t h e  domest ic  wa te r - -hea t ing  l o a d .  A t  t h e  same t i m e ,  i.ce i s  produced 

and s1:orrd f o r  use i n  space  coo l ing .  E i . t l r e r  t h e  s o l a r  pane l  o r  an a i r -  

cooled  condenser  can be used t o  d i s s i p a t e  t o  tihe atmosphere t h e  was& h e a t  

gene ra t ed  by surmuerti.rne compressor o p e r a t i o n .  

The pri-mnry objec t ivp .  i n  ACES desi.gn i s  to ii1at:eh t h e  c a p a c i t y  of 

system components w i t - h  t h e  t h e r i n d  c h a r a c t e r i s t i c s  u f  t h e  b u i l d i n g .  The 

system must possess a h igh  degree  o f  o p e r a t i n g  f lexibi l i . . I :y  t o  s a t i s f y  t h e  
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range of h e a t i n g  and c o o l i n g  condi. t ions t h a t  will normally be encountered  

over  a s e a s o n a l  c y c l e .  F igure  4 d e p i c t s  an  ACES f o r  an  apartment  complex 

i n  which t h e  i n d i v i d u a l  apar tments  are s e r v e d  by a common scoragc: b i n  

l o c a t e d  i n  t h e  basement of the apartment  b u i l d i n g .  I n  t h i s  d e s i g n ,  l i q u i d  

r e f r i g e r a n t  from t h e  accumulator  is c i r c u l a t e d  d i r e c t l y  through lieat- 

exchanger c o i l s  submerged i n  the water -s torage  b i n .  

The v a r i o u s  modes of o p e r a t i o n  o1,tainable w i t h  t h e  ACES shown i n  

Fig .  1 are l i s t e d  i n  T a b l e  1. The f i r s t  o p e r a t i n g  mode l i s t e d  i n  t h e  

t a b l e  provides  s p a c e  h e a t i n g  t o  t h e  b u i l d i n g  dur ing  t h e  w i n t e r  months. 

Compressor h e a t  and l a t e n t  h e a t  of f u s i o n  of water are d e l i v e r e d  t o  t h e  

room by a heat-cxclianger c o i l  l o c a t e d  i n  t h e  f o r c e d - a i r  c i r c u l a t i o n  d u c t .  

Ice i s  formed i n  t h e  water b i n  and accumulated t o  p r o v i d e  s l immer  a i r  

c o n d i t i o n i n g .  I n  the primary space-cool ing  mode, a methanol-and-water 

b r i n e  is c h i l l e d  by passage  through t h e  c o i l s  of t h e  i c c - b i n  beat exchanger  

and t h e n  c i r c u l a t e d  through a c o o l i n g  c o i l  l o c a t e d  i n  t h e  a i r - c i r c u l a t i o n  

d u c t .  Forced-a t r  c i r c u l a t i o n  around t h e  c o o l i n g  c o i l  p r o v i d e s  a i r  condi- 

t i o n i n g  f o r  t h e  b u i l d i n g .  An ACES a u t o m a t i c  c o n t r o l  sys tem s e l e c t s  t h e  

a p p r o p r i n t s  mode of o p e r a t i  on a c c o r d i n g  t o  need. 

T a b l e  1. P o s s i b l e  o p e r a t i n g  unodes f o r  the  ACES 
______ -__l___l___. 

Mode of o p e r a t i o n  Compres- Air Water 1- Valve P o s i t i o n a  
s o r  blower pump 1 2 3 4 5 6 -  

Space heating/ice b u i l d i n g  

Space c o o l i n g ,  mode 1 

Space c o o l i n g  h e a t  

Macer h e a t i n g /  i c e  b u i l d i n g  

Water h e a t i n g  and coalllng 

r e j e c t i o n  t u  o u t s i d e  

made 1 

Ice m e l t i n g  

Space c o o l i n g ,  w a t e r  h e a t i n g  

Ice buil.dup h e a t  
r e j e c t i o n  TO o u t s i d e  

On 

O f f  

0 n 

On 

OIL 

O f f  

0 n 

On 

On 

0 11 

0 I1 

O f f  

On 

Off 

On 

O f f  

On C O C C C A  

On O C B  

on C C O O C E  

0 TI Q C C C C A  

On O C C O G B  

O I1 c O €3 

On O C C O C B  

On C C O C C A  

0. Vnl.ves I, 2 ,  and 3 c o n t r o l  Lhe r e f r i g e r a n t  f low; v a l v e s  4 ,  5 ,  and b c o n t r o l  
t h e  b r i n e  f l o w .  Valve p o s i t i o n :  C = c l o s e d ,  0 = open, A and B = p o s i t i o n s  
as d e p i c t e d  in Fig .  1. 
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3. k E A S I B I L I T Y  OF ALfEKNA'I'LVt< ACES APPLICAfLONS 

From a t e c h n i c a l  s t a n d p o i n t ,  t h r  c o n s t r u c t i o n  and opera?  i o n  (wi th  use  

of comniercidlly a v a i l a b l e  materials and equipment of a h e a t i n g  arid c o o l i n g  

systelli s i m i l a r  t o  t h e  one d e p i c t e d  i n  F i g -  4 are  c l e a r l y  p o s s i b l e .  F u r t h e r -  

more, such a system would almost  c e r t a i n l y  y i e l d  s u b s t m i  i a l  energy s a v i n g s  

over  convra t iona l  s p a c e - c o n d i t i o n i n g  systems now i n  use. The c r u c i a l  q u e s t i o n  

remainiog,  t h e n ,  i s  whether  and under ~ 7 h a t  c o n d i t i o n s  an  ACES i a s r a l l a t i o n  

ran  compete economical ly  wiL% c o n v e n t i o n a l  s y s t e m .  I n  t h i s  s r r t i o n ,  a 

p a r t i a l  answrr  LO t h i s  q u e s t i o n  is svimeht by examining the e s t i m a t e d  i n s L a l -  

l a t i o n  and o p e r a t i n g  c o s t s  {or an  ACES supply ing  a iiiodern apartment  complex. 

The c a l r i i l a t e d  c o s t s  f o r  ACFS are annual ized  and cornpared w i t h  similar c o s t  

estimates f o r  a l t e r n a t i v e  h e a t i n g  and c o o l i n g  sys tems.  Tn a l l  c a s e s ,  t h e  

iic-aiing and c o o l i n g  reqiiire-ments are based on actir;ll d a t a  f o r  Lilt'  iiionthly 

energy consimption by t h e  apartment  complex i n  1913. Using t h e s e  c o s t  

c a l c u l a t i o n s ,  t h e  bienk-even f u e l  p r i c e  i s  det(rtmined, beyond w h i  ch t h e  

ACES is more economical than  are the  a1 t e r n a t i v e  sysierns cons idered .  

This  s e c t i o n  a l s o  p i (2sents  p r e l i m i n a r y  cirsign c o n s i d e r a t i o n s  f o r  

o t h e r  p o s s i b l e  a p p l i c a t i o n s  of t h e  ACES co~ir-ept  - f o r  n u r s j n g  h m e s ,  f o r  

m i l i t a r y  bases, and f o r  sing1 e-family r e s i d e n c e s .  

3.1 Economic Assessment of the ACES f o r  a Garden Apartment Complex 

A detailed i n v e s t i - g a t i o n  was i n a t l e  of t h e  econosric f e a s i b i l i t y  o f  

i n s t a l l i n g  an  ACES i n  on e x i s t i n g  group of ga.r-deii apar tments  1ocat1-d i n  

Montgomery V i l l a g e  n e a r  Washington, D .C . Data descr ib i r ig  the c o n s t r u c t i o n  

and i .nsu la t i .on  s p e c i f i c a t i o n s  of the apartment  bui.l.di.ngs and t h e  a c t u a l  

energy consumption by the  group of 406 apar tments  f o r  t h e  period from 

May 1, 1973, t o  A p r i l  30, 1.974, were made a v a i l - a b l e  by Kettler B r o t h e r s ,  

In(:. (owner), The energy consumption arrd total c o s t  of t h r e e  types  of 

convent iona l  space-heat  ihg and -cool ing  and hot-water  systems w e r e  e s t i -  

m t e d  a~itl compared wi-Lh t h o s e  of ACES. 

The s t u d y  shows t h a t ,  i n  1.975 d o l l a r s ,  t h e  c a p i t a l  investment  r e q u i r e d  

f o r  an ACES w i t h  a s ix-apartment  basement sz-orage exceeds t h e  investmeiit  
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c o s t  f o r  a c o n v e n t i o n a l  system ( r e s i s t a n c e  space  h e a t i n g ,  e l ec t r i c  a i r  

c o n d i t i o n i n g ,  and e l ec t r i c  hot-water  h e a t i n g )  by about  $2290. However, 

i f  t h e  p r e v a i l i n g  e l e c t r i c  rates are g r e a t e r  t h a n  3.1~lkWhr, t h e  v a l u e  

of t h e  energy s a v i n g s  achieved  by t h e  ACES w i l l  be  s u f f i c i e n t  t o  pay o f f  

t h e  a d d i t i o n a l  c a p i t a l  inves tment  d u r i n g  t h e  l i f e t i m e  of t h e  ins t a l l a t i o n .  

I n  f a c t ,  i f  t h e  p r o j e c t e d  margina l  c o s t  of e l e c t r i c i t y  i s  used t o  e v a l u a t e  

t h e  d o l l a r  v a l u e  of t h e  ACES energy s a v i n g s ,  the a n n u a l  cost. of an ACES 

w i t h  a s ix-apartment  basement s t o r a g e  i s  found t o  be $830 p e r  apar tment  

less t h a n  f o r  an a l l -e lectr ic  c o n v e n t i o n a l  system. On t h i s  b a s i s ,  t h e  

annual  rate of r e t u r n  t o  t h e  n a t i o n  f o r  t h e  i n c r e m e n t a l  ACES inves tment  

amounts t o  36%. A t  t h i s  ra te ,  t h e  i n c r e m e n t a l  inves tment  c o s t s  would 

be p a i d  of f  i n  fewer t h a n  t h r e e  y e a r s .  

The s a l i e n t  f i n d i n g s  of the ACES f e a s i b i l i t y  s t u d y ,  w i t h  a p p l i c a t i o n  

t o  an  apartment  b u i l d i n g  complex, are d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

3.1.1 D e s c r i p t i o n  -- of t h e  M i l l s  Choice Apartments 

T h e  406-unit  garden  apar tment  development used i n  t h e  a n a l y s i s  i s  

M i l l s  Choice Apartments,  l o c a t e d  i n  Montgomery V i l l a g e ,  [ : a i t h e r s b u r g ,  

Maryland. Each apartment  b u i l d i n g  i s  of modern c o n s t r u c t i o n ,  c o n t a i n s  

s ix  a p a r t m e n t s ,  and is t h r e e  s t o r i e s  h i g h .  The s i d e  w a l l s  of t h e  b u i l d i n g  

c o n t a i n  3 i n .  o f  f i b e r g l a s s  i n s u l a t i o n  and the  t h i r d - s t o r y  c e i l i n g  i s  

provided w i t h  6 in., of i n s u l a t i o n .  Except f o r  d r a p e r i e s ,  t h e  window 

areas are u n i n s u l a t e d ,  having  n e i t h e r  s torm s a s h e s  n o r  double  g l a z i n g .  

The r e c t a n g u l a r  (52 x 44 f t )  b u i l d i n g s  rest on c o n c r e t e  s l a b s  and are  

s e p a r a t e d  from one a n o t h e r  by a n  unheated c o r r i d o r .  A c e n t r a l  b o i l e r  

t h a t  burns n a t u r a l  g a s  s u p p l i e s  h e a t  f o r  domest ic  h o t  water, f o r  hot-water 

s p a c e  h e a t i n g ,  and f o r  a b s o r p t i o n  w a t e r  c h i l l e r s .  

3.1.2 A c t u a l  energy consumption by a Mills Choice apartmenr  f o r  s p a c e  

h e a t i n g ,  -- f o r  s p a c e  c o o l i n g ,  and f o r  domest ic  hot-water  h e a t i n g  
--I__ -..-. 

According t o  Ket t ler  B r o t h e r s ,  t h e  deve lopers  of the M i l l s  Choice 

Apartments t h e  c a l c u l a t e d  d e s i g n  day l o a d s  of a s i n g l e  apar tment  a r e  

32,269 B t u / h r  f o r  h e a t i n g  and 27,556 Btu /hr  € o r  c o o l i n g .  The a c t u a l  f u e l  
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consumpti.on f o r  space  h2ati.n.g arid c.ooling and ior- p rovid ing  domes t i c  h o t  

w a t e r  for- the apar tmer i t  complex as a ~1iol .e  was obtained. f o r  the p e r i d  

froin A p r i l  1973  t o  April .  1974. Dui- ihg this p e r i o d ,  about 21,000 g a l  of 

o i l  was burned as a u x i l i a r y  f u e l  d u r i n g  i n t e r r u p t i o n s  of na tura l -gas  

service. The h e a t  energy froiii t h e  o i l -  w a s  added t o  t h e  primary energy 

i n p u t  from n a t u r a l  gas  and disci-:ihut:ed t o  smooth the  overal l .  eiiergy i n p u t  

curve and t o  make i.t correspond iiiorz c l o s e l y  w i t h  the degree-day curve  

f o r  t-he Washington, D . C .  are.s. The adjusted.  g r o s s  monthly consumption 

of energy f o r  h e a t i n g ,  f o r  c o o l i n g ,  and f o r  provid ing  doriui!sti.c h o t  water 

was t h e n  p r o r a t e d  t o  a s i n g l e  apartment. 

Al.l.ocation of  Llie gross monthly ennrgy consumption p e r  apar tment  

among the three end uses - spac: heati.nF5, space c o o l i n g ,  and domest ic  

h u t - w a t e r  p roduct ion  - r e q u i r e d  a n  independent  esti.inate o f  energy use 

Lor provid ing  h o t  water. This  estimate was iiiade on t h e  b a s i s  of an 

assumed average occupancy ra te  of 3.5 persons  p e r  apar tment .  The resul i is  

are shown i n  Table  2., 

Table 2 .  Est imated energy use  f o r  p r o v i d i n g  hot  water 

Month WatcL- i n L r t  HO t- - WA i. I' N e t  Gross 
e: enlp e r a t u  r e consumption cne rgy en e I- gy 

T I  ( O F )  G ( g p d / a p t )  EN (kWhr) EG (kWhr) 

Jan. 

Feb . 
March 

Apr . 
May 

June 

J u l y  

Aug . 
Sep t . 
O c t  . 
Nov. 

Dec. 

55 

55 

55 

60 

60 

65 

65 

65 

60 

60 

60 

55 

67 

67 

67 

67 

67 

77 

77 

7 7  

67 

67 

67 

67 

137.0  

337.0 

337 .O 

312.4 

312.4 

328.2 

328.2 

328.2 

312.4 

312.4 

312.4 

337 .O 

601.8 

601.8 

601.8 

557-9  

557.9 

586.1 

586.1 

5 8 6 . 1  

557.9 

557.9 

557.9 

501.8 
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The n e t  energy d e l i v e r e d  t o  a s i n g l e  apar tment  by t h e  domest ic  water- 

h e a t i n g  system c o n s i s t s  of t h e  heat r e q u i r e d  t o  raisc the tempera ture  of 

t h e  s t a t e d  monthly q u a n t i t y  of i n l e t  w a t e r  t o  120°F p l u s  s tandby h e a t  

l o s s e s  from t h e  hot-water  s t o r a g e  tank  l o c a t e d  i n  t h e  apar tment .  The 

m o u n t  of h e a t  r e q u i r e d  f o r  t h i s  purpose,  f o r  the Mill-s Choice Apartments,  

is shown as EN i n  Table  2 .  

20 f t 2  of s u r f a c e  i n s u l a t e d  w i t h  3 Lri.  of f i b e r g l a s s ,  t h e  s tandby Iteat  

losses are 

Assuming a 25-gal c a p a c i t y  hot-water  t a n k ,  w i t h  

(20 f t2 ) (0 .083  Btu hr-I  ft-2 oF-1)(1200F - 70°F)(720 hr/month) = 60,008 B t u /  
month per apar tment  

I f  G g a l l o n s  of  i n l e t  water are h e a t e d  d a i l y ,  t h e  monthly d e l i v e r e d  energy 

m o u n t s  t o  

EN = [ ( 3 0  x G ga l /month) ( l20  - TI) (231/1728 f t 3 / g a 1 ) ( 6 2 . 4  I b / f t 3 )  $. 

S0,000] t 3412 Btu/kWhr . 

Assuming a b o i l e r  e f f i c i e n c y  of 0 .70 and p i p i n g  losses of 202 ,  t h e  g r o s s  

energy i n p u t  r e q u i r e d  t o  d e l i v e r  t h i s  q u a n t i t y  of h e a t  i s   EN/^ .56.  

T a b l e  3 shows t h e  t o t  a1 monthly energy consumption, a l l o c a t e d  accord ing  

t o  end u s e ,  of a P L i l l s  Choice apartment:. The  net d e l i v e r e d  energy  i s  esti- 

imted by assuming a b o i l e r  e f f i c i e n c y  of 0.70 and p i p i n g  l o s s e s  of 20 and 

L O % ,  r e s p e c t i v e l y ,  i n  t h e  t r a n s m i s s i o n  of Ireated water f o r  domest ic  h o t  

w a t e r  and f o r  space h e a t i n g .  The COP o f  t h e  a b s o r p t i o n  ch i l le r  f o r  s p a c e  

Luol ing is t a k e n  t o  be 0.60.  Based on t h e s e  assumptions,  t h e  d e l i v e r y  

e f f i c i e n c i e s  are 56% f o r  domest ic  h o t  w a t e r ,  63% f o r  S I J . ~ C ~  h e a t i n g ,  and 

37.8% f o r  s p a c e  a i r  c:o~iditiuriing. Using t h e s e  e f f i c i e n c i e s ,  t h e  o v e r a l l  

e f f i c i e n c y  of  t h e  p r e s e n t l y  i n s t a l l e d  s y s t t m  €or  provid ing  domest ic  h o t  

watcr and s p a c e  c o n d i t i o n i n g  t u  a M i l l s  Choice apartment  is estinirleed t o  

be (3894.6 f 5759.7 4- 5882.1) /31657.9 ,  or 49 .1%.  



Table 3. Gross energy consumption by a M i l l s  Cnoice apartment and s u p p l i e d  l o a d s  f o r  domest ic  
water h e a t i n g ,  space h e a t i n g ,  and spzce  c o o l i n g  (kPhr) 

Zros s efiergy Gross energy consu-ri2tion 5y end u s e  K:et energy l o a d  by end m e  

( kwh 1 / a p  il ) water heat i rig cooi i r ig  water hezit ing c o o l i n g  
Yonth consump t i o n  Hot Space Space KO t Space Space 

;an, 

Feb. 

Narch 

A p r .  

May 

Jme  

J u l y  

Aug . 
S e p t  . 
O c t .  

NCJV. 

Dec. 

Total 

2582.1 

2271.4 

1694.0 

1087.3 

1550.4 

3883.4 

4218.2 

4680.5 

3780.3 

1972.5 

l758 .5  

2381. a 
31657.9 

601.8 

601.8 

601.8 

557.9 

557.9 

584.1 

586. I 

586.1 

557.9 

557.9 

557.9 

601.8 

6955.0 

1930.3 

i669.5 

1 3 9 2 . 2  

529.4 

182 .8  

0 

0 

3 

0 

707.3 

1200.6 

1780.0 

9142.2 

0 

G 

0 

0 

809.7 

3294.3 

3432.1 

4094.4 

3222. Y 
707.3 

0 

0 

15560.7 

337.0 

337.0 

337.0 

312.4 

312.4 

323.2 

325.2 

328.2 

312.4 

312.4 

312.4 

337.0 

3894.6 

P247.6 

i c51 .9  

658.1 

333.5 

115.2 

0 

0 

0 

0 

445.6 

756.4 

1121.4 

5759.7 

0 

0 

0 

0 

305.1 + o3 

1245.3 

1297.3 

1547.7 

1218.3 

267.1: 

0 

3 

5882.1 
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3 . 1 . 3  Estimated energy consumption by ACES 

The ACES i n s t a l l a t i o n  be ing  ana lyzed  c o n s i s t s  e s s e n t i a l l y  O F  a r e f r i g e r a t i o n  

coiiipressor o p e r a t i n g  as a u n i d i r e c t i o n a l  h e a t  pump, an a i r - c o o l e d  condenser  

f o r  space  h e a t i n g ,  a water-cooled condenser  f o r  domest ic  water h e a t i n g ,  

a c h i l l e d - w a t e r  c o i l  f o r  a i r  c o n d i t i o n i n g ,  a water-heated e v a p o r a t o r ,  

air- and w a t e r - c i r c u l a t i o n  sys tems,  and a n  ice b i n .  The COP of t h e  h e a t  

pump, based on manufac turer ' s  d a t a  f o r  a h i g h - e f f i c i e n c y  compressor,  is 

t a k e n  t o  b e  3 .9 .  The ice b i n  i s  l o c a t e d  i n  t h e  basement of each apartment  

b u i l d i n g  and is  l a r g e  enough t o  serve as a common thermal -s torage  u n i t  

f o r  a l l  s i x  apar tments  i n  t h e  b u i l d i n g .  A s  w i l l  b e  d i s c u s s e d ,  t h e  r e q u i r e d  

s i z e  of t h e  ice b i n  depends on the b a l a n c e  between t h e  annual  h e a t i n g  and 

c o o l i n g  l o a d s  on t h e  b u i l d i n g  and, t h e r e f o r e ,  varies w i t h  t h e  climate of 

t h e  s p e c i f i c  s i t e  b e i n g  cons idered .  

ACES energy b a l a n c e .  An e s t i m a t e  of t h e  annual  energy consumption 

by t h e  ACES i n  supply ing  t h e  a c t u a l  h e a t i n g  and c o o l i n g  l o a d s  o f  a M i l l s  

Choice apartment  duri.ng t h e  p e r i o d  €ram A p r i l  1973 t o  A p r i l  1974 is  l i s t e d  

i n  Table  4 .  A running account  i s  provided  of thermal-energy withdrawals  

from t h e  ice  b i n  and of thermal-energy d e p o s i t s  i n t o  i t .  T a b l e  4 shows 

t h a t  thL1 space-cool ing r rqui remenr  f o r  an  apartment  d u r i n g  t h e  month of 

September can  b e  only p a r t i a l l y  s a t i q f  i e d  by d i i l l c>d-water  c o o l i n g .  

t ional .  c o o l i n g ,  i n  t h e  amount 1218.3 - 698.1 kWhr, o r  520,2 kWhr, r i m s t  b e  

provided by supplemental. o p e r a t i o n  of t h e  compressor ~ The r e q u i r e d  elec- 

t r i c a l  i n p u t  energy t o  t h e  compressor € o r  t h i s  purpose amounts t o  179.4 

kWlrr and resrilts i n  t h e  r e j e c c i o n  of 699.6 kWhr of waste h e a t ;  t h e  w a s t e  

h e a t  can b e  d i s c h a r g e d  t o  the atmosphere.  

b a l a n c e  Cor a s i n g l e  apar tment .  

Addi- 

F i g u r e  5 d i s p l a y s  t h e  energy 

The t o t a l  el.ectlrica1 energy i n p u t  t o  t h e  ACES, f o r  meet ing t h e  com- 

b ined  hot-water ,  space-hea t ing ,  atid space-cool ing l o a d s  of an apar tment ,  

c o n s i s t s  of  t h e  energy rc?qui.red f o r  t r a n s f e r r i n g  h e a t  t o  and frcm the 

s t o r a g e  b i n  p l u s  a s m a l l  m o u n t  o E  a u x i L i a r y  energy r e q u i r e d  f o r  c r c u l a t i n g  

a i r  and water. The s o l a r  energy t r a n s f e r r e d  t o  and From t h e  biri is Free 

and e n t a i l s  no charge .  Thus, t h e  total..  energy i n p u t  t o  t h e  ACES ( i n  kWhr) 

i s  : 
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Fig. 5. Annual c y c l e  energy-balance s t u d y  (based  on a c t u a l  energy 
u s e  of a 406-apartment complex i n  t h e  Washington, D . C .  area from April 
1973 t o  A p r i l  1 9 7 4 ) .  

Compressor i n p u t  energy ( space  and water h e a t i n g )  = 2475.6 

Campressor input  energy  ( coo l ing  mode 11) = 179.4 
C i r c u l a t i o n  sys tem inpu t  energy = 364.7 

-_I_ 

T o t a l  e l e c t r i c a l  enc:rgy i n p u t  t o  the  ACES 3019.7 

From Tab le  4 ,  t h e  sum of the a c t u a l  energy  l o a d s  f o r  the t h r e e  end uses 

cons ide red  i s  15,536.4 kWhrlyear p e r  apar tment .  Thus, t h e  annual  COP 

f o r  t h e  ACES i n s t a l l a t i o n  i s  15 ,536 .4 /3019.7 ,  o r  5.15 (I 

Ice-b in  c a p a c i t y .  T a b l e  4 shows t h a t  t h e  m a x i m u m  b u i l d u p  of ice i n  

the s t o r a g e  b i n  occurs  i n  A p r i l 9  when t h e  cumula t ive  the rma l  s to rage  reaches 
-__I-. -- ....-I 
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4503.8 kWhr f o r  a s i n g l e  apar tment .  An ice  b i n  l a r g e  enough t o  accommodate 

t h e  needs of all.  s i x  apar tments  i n  a buiJ.di.ng would, t h e r e f o r e ,  r e q u i r e  a 

t o  t a l  t1 i i : rma l  --s t o r a g e  c a p a c i t y  of 27,023 kWhr . Because t h e  l a t e a t  h e a t  o f  

f u s i o n  t h a t  iriust be exi:tmacired from water a t  32'F t o  fo-m ice  a t  t h e  same 

Lemperature i.s (57.2 l . b / f t 3 )  (1.44 Btu/Lb)/3412 Btulkldhr, o r  2 , 4 1 8  kWhr/ft3 

of ice ,  t h e  minimum volume of an ice  b i n  s e r v i n g  s i x  apar tments  i s  27,023 

kWhr/2.418 kWhr/f t3 ,  or 11,176 f t 3 .  

apar tment  buil.di.ng i s  2226 E t 2 .  

g r e a t e r  t h a n  10 f t ,  l o c a t e d  under one-half  of t h e  b u i l d i n g ,  would s u f f i c e  

f o r  t h e  ACES. I n  a c t u a l  p rac t i ce ,  however, addi.t.:ioiial space must be 

provided f o r  maintenance a c c e s s i b i l i t y  and f o r  an ice ceserve  t o  m e e t  annual 

v a r i a t i o n s  i.n c l i m a t e .  i .11 t h i s  ~ ~ ~ O P I L ' S  estimate o f  b i n  c o s t s ,  20% a d d i -  

t i o n a l  b i n  volume has  been a l l o ~ e d  f o r  t h i s  purpose.  

'The basement arca of a M i l l s  Choice 

Thus ,  an i c e  b i n  w i t h  a depth  s l i g h t l y  

3.1.*4 Estimated energy consumption by an  a l l - e l ec t r i c  c o n v e n t i o n a l  h e a t i n g  

and c o o l i n g  s y s  tern 
_.I_x_ _ _ _ _ ~  __ll_.l.l.......____.._--- _.ll_l_ 

-- 

For purposes of comparison, the energy consumption by an  a l l - e l e c t r i c  

convent iona l  h e a t i n g  and c o o l i n g  systeiii f o r  a Mil.1.s Choice apartment  i s  

es t imated .  The system analyzed consi.sI:s of a l4.4-kW e l e c t r i c  f u r n a c e  

i n  each apartment  f o r  space  h e a t i n g ,  an a i r  c o n d i t i o n e r  having an  energy 

e f f i c i e n c y  r a t i o  of 6.5 Btu/Whr, and a 42-gal e1ectri.c hot-water  h e a t e r  

wi.i:h a b o u t  40 f t 2  of ins-ul-ated o u t s i d e  s u r f a c e .  Although t h e  sr;rindby 

h e a t  losses f o r  a t a n k  o l  i i l i is  s i z e  W Q I I J . ~  h e  h i g h e r  than f o r  t h e  ACES 

hot-water tank c o n s i d e r e d  earl-iczr, no cha.cge is made i n  t_he a n a l y s i s  f o r  

t h e  a d d i t i o n a l  h e a t  l o s s .  R a t h e r ,  i t  i s  assumt+d  ha^ the hut-water l.oad 

is t h e  s a m e  f o r  b o t h  t h e  ACES and t h e  aJ.J.-el.ectric convent iona l  system. 

T a b l e  5 shows t h e  estrimated energy consumption by tire c o n v e n t i o n a l  

system i n  supply ing  t h e  a c t u a l  hent.i.iig and cool.ing loads of a M i U s  Choice 

apartment .  H e a t - t r a n s i t  I.osses are taken  t o  be z e r o  because b o t h  t h e  

e l e c t r i c  f u r n a c e  and t h e  e1ectri.c water heatier are I.orated w i t h i n  an  

apartment .  The energy i n p u t  t o  t h e  a i r  c o n d i t i o n e r  f o r  eaclr k i lowat t -hour  

oE c o o l i n g  I.o.xl i s  341.2/6500 kwh-r, or 0.525 kWhr of e 1 , e c t r i c i t y .  'The 

annual  C O P  of t h e  convent iona l  system -is 15,536.4  kWhr load/12,742 kWhr 
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Table  5 .  Es t imated  annual  energy consumption by an  a l l -e lec t r ic  
c o n v e n t i o n a l  h e a t i n g  and c o o l i n g  system f o r  a M i l l s  Choice apartment  

End use  

A c t u a l  
energy energy i n p u t  

l o a d  
( kwir / y e  n r  ) system (kWhr/year) 

E s t i m a  t e d 

t o  a l l - e l e c t r i c  

Domestic h o t  w a t e r  3,894.6 3,894.6 

Space h e a t i n g  5,759.7 5, 7.59.7 

Space c o o l i n g  5,882. I 3,087.7 

T o t a l  15,536.4 12 ,742 .O 

i n p u t ,  o r  1 .22 .  S t r i k i n g l y ,  t h e  a n n u a l  energy i n p u t  r e q u i r e d  by t h e  

c o n v e n t i o n a l  sys tem f o r  domestic water h e a t i n g  alone exceeds t h e  t o t a l  

i n p u t  t o  t h e  ACES f o r  a l l  three end uses;  t h u s ,  t h e  energy s a v i n g s  a t t a i n -  

a b l e  by t h e  ACES are s u b s t a n t i a l .  I n  t h e  n e x t  s e c t i o n ,  t h e  i n s t a l l a t i o n  

and o p e r a t i n g  c o s t s  of t h e  two h e a t i n g  and c o o l i n g  systems w i l l  be compared 

t o  de te rmine  whether ,  and under what c o n d i t i o n s ,  t h e  ACES can a l s o  be 

economica1l.y c o m p e t i t i v e .  

3.1.5 - Economic comparison of t h e  - ACES w i t h  c o n v e n t i o n a l  a l l -e lec t r ic  system 

C a p i t a l  c o s t s .  - The c a p i t a l  c o s t s  and i n s t a l l a t i o n  c o s t s ,  i n  c o n s t a n t  

1975  d o l l a r s ,  a r e  compared f o r  an ACES and f o r  a n  a l l -e lec t r ic  c o n v e n t i o n a l  

h e a t i n g  and c o o l i n g  system f o r  t h e  M i l l s  Choice Apartments.  'Cable 6 l i s t s  

components common t o  t h e  two systems as well as equipment f o r  t h e  ACES 

i n v o l v i n g  i n c r e m e n t a l  c o s t s  o v e r  t h o s e  of a convent iona l  system. The  

c o s t  of t h e  ACES ice  b i n  i s  c o n s i d e r e d  s e p a r a t e l y  l a t e r  and thus  i s  not  

i n c l u d e d  i n  t h e  t a b u l a t i o n .  Thc a d d i t i o n a l  c a p i t a l  cost  for the ACES 

components, e x c l u s i v e  of t h e  ice b i n ,  i s  e s t i m a t e d  t o  be $[+39. To provide  

a c o n s e r v a t i v e  estimate, t h i s  v a l u e  i s  i n c r e a s e d  by 50%, t o  $658.50. 

I n s t a l l a t i o n  c o s t s  a r i s i n g  from connect ions  t o  w a t e r ,  t o  d r a i n s ,  and 

t o  e l e c t r i c i t y  are comparable fo r  t h e  two systeiris, except  f o r  the methanol/  

water p i p i n g  f o r  t h e  ACES. The e s t i m a t e d  c o s t  of i n s t a l l i n g  t h e  PVC p l a s t i c  

p i p e  sys tem t o  t h e  ACES i c e - b i n  c o i l s  i s  $1.50 per apar tment ,  and the c o s t  

of 100 ft of 1-1/2-in.-diam p las t ic  tub ing  needed f o r  t h i s  purpose i s  $16.50. 
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Because 01 t h e  lower demand f o r  e lcct : r ic i . ty  by t h e  ACES, $50 is  deducted from 

the total .  c o s t  f o r  d e c t i : i c  s e r v i c e  and w i r i n g ,  The o v e r a l l  incrementaJ. c o s t  

f o r  ACES, excl.i.isive of e x p e n d i t u r e s  f o r  t h e  i c e - s t o r a g e  b i n ,  i.s, f o r  mortgage 

i’ul-poscs: 

1:ncremental. equipment c o s t s  $658.50 

:Incrc:ment.il i.ns t a l l a t i o n  c o s t s  150.00 

1’lasci.c p i p e  f o r  b i n  hookup 16  -50 

ACES water i-nventory,  15,000 g a l  15 .OO 

Crc.di.t f o r  reduced eJ.ectr:i~c s e r v i c e  -50.00 __I__. 

T o t a l  $7’30 .OO 

Cost. of i c e - s t o r a g e  b i n .  C o s t  estimates f o r  the  instaJ.J.ation of ___--I.-.... ~ - ..-.....-I __ 

al.te t:.natiue des igns  of ACES water s t o r a g e  r e s e r v o i r s   ere prepared  under  

c o n t r a c t  by Crouch and A d m s ,  I n c . ,  an archi tectural /engi .neer ing c o n s u l t i n g  

f i r m  l o c a t e d  i n  Oak Ki.dge, Tennessee.  The instal.J.ati.on c o s t s  were foimd t o  

range from 4 9 ~  t o  6 8 ~  p e r  cubi-c f o o t  o C :  g r o s s  volume, depending on t h e  

p a r t i c u l a r  des ign .  ‘Che ].east expens tve  s t o r a g e  d e s i g n  c o n s i d e r e d  was a 

v i n y l - l i n e d  pond wi th  a f l o a t i n g  i.nsu!;~ted ].id. In cases where space  f o r  

a pond i s  u n a v a i l a b l e ,  o r  where t h e  presence  of rock  p r e c l u d e s  e x c a v a t i o n ,  

a ga lvanized  s t ee l  t a n k ,  above ground o r  p a r t i a l l y  b u r i e d ,  can be used. 

Such o u t s i d e  s t o r a g e  reservoirs are especia1.J.y u s e f u l  f o r  r e t r o f i t t i n g  

the ACES i n t o  e x i s t i n g  b u i l d i n g s .  

For a p p l i c a t i o n  0.f the ACES t o  t h e  Mills C h o i c e  Apartments,  a h y p o -  

t h e t i c a l  i.ce b i u  i s  c o n s i d e r e d ,  sized t o  serve s i x  ind iv idua l .  apar tments  

and I.ocatied i n  t h e  baseiilerit uf t h e  apartment  b u i l d i n g .  The s t o r a g e  b i n  

occupies  one-half  of t h e  buiJ.ding ‘s baseriwiif: area and is  s l i g h t l y  g r e a t e r  

tlian 10 f t  i n  d e p t h .  The w a l l s  and bottom are  i n s u l a t e d  w i t h  2- in .  u re thane  

board,  and t h e  top  i s  insu l -a ted  with 6 i n .  of i - n s u l a t i o n  a t t a c h e d  E o  tihe 1.owe-c 

surface of   he f i r s t - s t . o r y  f l .oor .  lieat leakage  i n t o  t h e  b i n  is e s t i m a t e d  

t o  be about  600,000 Bi:u/month p e r  apar tment ,  o r  about  1 7 3  kWlir. The b i n  

i s  1.lned with 0.020-in. vi.ny1 sheeLing t o  p r o v i d e  w a t e r p r o o f i n g .  Crouch 

and Adams, I n c .  estimated the u n i t  c o s t  of insIrtali ing such an i c e - s t o r a g e  

b i n  t o  be about  6 7 ~ / f  t. 3 .  The tot:al. cost of  an ice  b i n  of the r e q u i r e d  
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Table  6 .  Comparison of c a p i t a l  c o s t s  ( i n  1975 d o l l a r s )  
of a n  ACES and of an a l l -e lec t r ic  convent iona l  h e a t i n g  and 

c o o l i n g  sys tem f o r  a M i l l s  Choice apartment  
- ~ .- 

C omp o nen  t Convent ional  AGES 
systema 

Duct system b b 

Indoor  blower b b 

Room thermos t a t  

Resistance c o i l s  and r e l a y  

b b 

50 0 

Indoor  condenser c o i l  0 35 
Indoor  e v a p o r a t o r  c o i l  

Indoor  water c o i l  

40 0 

0 30 

Outdoor condenser  c o i l  40 0 
Compressor 85 100 

E l e c t r i c  water h e a t e r  (40 g a l )  70 0 
Glass - l ined  water t a n k  (30 g a l )  0 30 

Precharge  r e f r i g e r a n t  l i n e s  2 5  

Cab i n e  t s h e e t  m e t  a1 ( increment  a1 ) 0 

Motorized valves ( 4 )  0 

C i r c u l a t o r  pumps ( 2 )  0 

0 

15 

60 

86 

Daniper and motor 0 30 
C o n t r o l  p a n e l  ( i n c r e m e n t a l )  

C h i l l e r  c o i l  and h e a t  exchanger 

0 10 

0 75 
Expansion d e v i c e  5 9 

C o i l s  Eor i ce  b i n  0 229 

Heat exchanger  f o r  water h e a t i n g  0 4 5 

T o t a l  315 754 
-- -I- 

a Electr ic  f u r n a c e ,  c e n t r a l  a i r  c o n d i t i o n e r ,  and e lec t r ic  w a t e r  heater. 

Equiva len t  c a p i t a l  c o s t s  f o r  t h e  t w o  sys tems.  h 
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c a p a c i t y  i s  (11,116 f t ' )  ( 1 . 2 0 )  ( $ 0 . 6 7 / f t 3 ) / s i x  apar tments ,  o r  $1500 p e r  

apar tment  e 

Owning and o p e r a t i n g  ........ . c o s t s .  _.._ The t o t a l  annual  c o s t  of owning and 

o p e r a t i n g  a h e a t i n g  and c o o l i n g  systeiil f o r  a b u i l d i n g  i s  comprised of 

charges  f o r  file!., f o r  maintenance, and f o r  i n i t i a l  c a p i t a l  inves tment .  

In t h e  comparison of t h e  a n n u a l i z e d  investment  c o s t s  f o r  t h e  ACES and 

f o r  t h e  conventional.  HVAG system i n v e s t i g a t e d  h e r e ,  t h e  owner i s  assumed 

t o  make a dowi1 payment of 20% and t o  fi.nance t h e  remainder by borrowed 

capital. ~ Val.ues of t h e  economic parameters  used t o  coillpute l e v e l i z e i l  

annual  charges  f o r  t h e  t w o  h e a t i n g  and cool ing  systems are l i s t e d  i n  

T a b l e  7 .  

Table  7. kconornic c o n d i t i o n s  assumed f o r  computing annrial payuwnts  
f o r  i n i t i a l  investment  c a p i t a l  

-~ -_ I__ss 

Persolla1 d iscount  rate,  Ip 0.06 

Mortgag? i n r e r e s t  rare, TILL 

1 n i t . i a l  downpaympnt, 1 - f 

L i f e  of mortgage i n  y e d r s ,  L 

0.09 

0.20 

20 

Persoilal i n c r e m m t a l  income t a x  ra te ,  t 0 . 2 5  

Local  p r o p e r t y  t ax  ra te ,  R3 0.03 

P r o p e r t y  i n s u r a n c e  ra te ,  Is4 0.004 
........ .......... . .-. ._. .- .- ...... .- -.__ -I- 

T f  t.he n e t  auriual c o s t  of aa  i n v e s t m m t  o f  $1 is  denoted by RT, t h e n  

K 1  - t h e  r e q u i r e d  annual  mortgage payment on t h e  borrowed c a p i t - a l ,  f, 

R2 =; t h e  1 e v e l i z e d ,  e q u a l  annual  payment on the  investment  e q u i t y ,  1 - f ,  

R 3  = t h e  l o c a l  p r o p e r t y  " L a x  r a t e ,  

Rq t h e  p r o p e r l y  i n s u r a n c r  rate,  

t = t h e  i n c r e m e n t a l  inrome t a x  rat-& of t h e  i n v e s t o r ,  and 
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Rg = t h e  l e v e l i z e d  annual  series of payments over  t he  l i f e  of t h e  
mortgage, d i scounted  a t  a rate of Ip, which is e q u i v a l e n t  t o  
t h e  t o t a l  v a r i a b l e  i n t e r e s t  payments on the mortgage. 

Under t h e  c o n d i t i o n s  s t i p u l a t e d  above, i t  can be shown t h a t  

)L - 1 

When t h e  va lues  of t h e  economic parameters  l i s t e d  in Table 7 are s u b s t i t u t e d  

i n t o  t h e s e  e x p r e s s i o n s ,  t h e  ne t  total annual  c o s t  of an  inc remen ta l  i n v e s t -  

ment d o l l a r  is  shown t o  be: 

Mortgage (9% i n t e r e s t )  

Equi ty  

P rope r ty  tax 

I nsur  anc e 

F e d e r a l  t a x  r e b a t e  

Fixed charge ra te  

0 -0876 

0.0174 

0.0300 

0 -0040 

-0.0209 

0.1181 

System o p e r a t i n g  costs  include expend i tu re s  f o r  f u e l  and f o r  equipment 

maintenance.  The annual  e x p e n d i t u r e s  f o r  na in t enance  are e s t i m a t e d  to be a 

f i x e d  f r a c t i o n  of t h e  i n i t i a l  inves tment .  This  f i x e d  f r a c t i o n  i s  assumed 

t o  be 0.05 ( p e r  y e a r )  f o r  conven t iona l  a i r - t o - a i r  heat pumps and e lec t r ic  

air  c o n d i t i o n e r s ,  0.04 €or  e l - e c t r i c  f u r n a c e s ,  and 0.02 f o r  e l e c t r i c  hot- 



war er h e a t e r s .  B a s e d  on t h e s e  compoiient c o s t s ,  t h e  t o t a l  annual maintenance 

c o s t  of t h e  a l l - e l e c i ~ i c  conventional sysi-ixn i s  computed t o  be 4.34% of  

t l i e  i n i t i a l  invesini:.nt. T h c  ACES mechanical  equipment i s  assumed t o  have 

a r e l i a b i l i t y  s i l i i i l a r  t o  ihat of ~ I i c . .  convent ional  system. The i c e - s t o r a g c  

b i  i i 9  however, i s  assumed t o  r c q u i r e  no anriual maintenanre because ii c o n t a i n s  

no moving p a r t s  and because the probabi l - i ty  of 1-aks i s  b e l i e v e d  t o  be s m a l l  I 

Table 8 simmarizes the  annual  c o s t s  of ~ h e  two systems i n v e s t i g a t e d  E O K  

a p p l i c a l  i o n  t o  t h e  Mills Choice Apariments.  The ACES provides  c o n s i d e r a b l e  

s a v i n g s  i n  energy o v e r  t h e  convent iona l  system and, f o r  t h e  assumed e l e c t r i c  

ra te ,  ,at a lower total annual  c o s t .  

3 . 2  A C P S  €or a Sing1 e - F m i l y  Residence 

A p r e l i m i n a r y  a n a l y s i s  o E t h e  energy requi-rements of a l t e r n a t i - v e  

h e a t i n g  and cool.ing s y s t e m s  f o r  a s i n g l e - f a m i l y  r e s i d e n c e  has  been p e r -  

formed t o  t letemi.ne t h e  p o t e n t i a l .  energy s a v i n g s  a t t a i n a b l e  by ACES i n  

low-density housing a p p l i c a t i o n s .  The house consi.der.ec1 i s  a two-level 

frame s t r u c t u r e  having a p a r t i a l  basement and about  2000 f t 7  of l i v i n g  

space d i s t r : i b u t e d  among t h r e e  bedrooms t w o  bathrooms, a ki tclien a 

u t i l i t y  room, and an  e n t r y  h a l l -  The b u i l d i n g  s h e l l  is assumed t o  be 

insu l .a ted  i n  accordance w i t h  HUD mLnimum p r o p e r t y  s t a n d a r d s ,  t h e  s h e l l  

having an o v e r a l l  heat. t r a n s f e r  c o e f f i c i - e n t ,  U (Bi:ti h r - l  f t - 2  " F - l ) ,  of 

0 .08 f o r  t h e  o u t s i d e  walls, 0.05 f o r  t h e  c e i l i n g ,  0 .10 f o r  t h e  wood f l o o r  

above a crawl s p a c e ,  and 1 . 1 2  f o r  t h e  windows- 

The annual I.oads of t h i s  b u i l d i n g  f o r  heatii:tg, f o r  cool-ing, and f o r  

p r o v i d i n g  doinestic hot: water weye comput:ed f o r  c l i m a t i c  c o n d i t i o n s  typical .  

of Knoxvi l le ,  Tennessee.  The e l e c t r i - c a l .  energy i.nput r e q u i r e d  t u  meet t h e s e  

l o a d s  was computed f o r  t h r e e  a l t e r n a t i v e  h e a r i n g  and c o o l i n g  systems: a 

conventi-onal system enployi  i1g an a i r  c o n d i t i o n e r  f o r  s p a c e  c o o l i n g ,  and 

e l e c t r i c  r e s i s t a n c e  h e a t i n g  f o r  s p a c e  h e a t i n g  and f o r  p r o v i d i n g  h o t  w a t e r ;  

n convention.al. system erripl.oying a h e a t  pump f o r  h e a t i n g  and c o o l i n g  and an 

e l e c t r i c .  w a t e r  h e a t e r  f o r  provid ing  domest ic  hot  w n t e r ;  and t h e  ACES. The 

r e s u l t s  of t h e  c a l c u l a t i o n s ,  shown i n  T a b l e  9 ,  i n d i c a t e  t h a t  t h e  t o t a l  
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Table 8. Cost and energy summary of ACES vs a l l -e lectr ic  convent iona l  
system f o r  Mills Choice Apartments 

- 
Convent iona l  

I tern system ACES 

Equipment p e r f  o rmance 

Heat ing  COP 
Annual COP 
Cooling performanke, Btu/W 

C a p i t a l .  c o s t s ,  i n s t a l l e d ,  d o l l a r s /  
apar tment  

ACES mechanic a 1. eq u i pinen ta 
ACES ice-s t o r a g e  b i n  
Electr ic  f u r n a c e ,  14.4 kW 
E l e c t r i c  a i r  c o n d i t i o n e r ,  30,000 BtuEi 
Electric w a t e r  h e a t e r ,  42 gal. 

T o t a l  

Annual energy consumption, kWhr 

Space c o o l i n g  
Space h e a t i n g  
Domestic water h e a t i n g  

T 0 t 21 

Annual c o s t s ,  d o l l a r s / a p a r t m e n t  

Fixed charges  a t  11.8% 
Maintenance a t  4 I 33% 
E l e c t r i c i t y  a t  4 ~ / i c ~ h r L . '  

T o t a l  

3 .9  
5.2  

6.5 

420 
570 
100 

1 090 

1 880 
I, 500 

3,380 

3,087.7 544 .1  
5 , 7 5 9 . 7  1,477.0 
3,894.6 988.6 

12 ,749 .0  3 ,019 .7  

128.62 398.84 
47.30 81.58 

509.96 120.79 

685 I 88 601.21 
-̂__ 

a T h e  i n s t a l l e d  c o s t  of t h e  ACES mechanical  equipment is e q u a l  t o  t h a t  of 
a c o n v e n t i o n a l  system - $1090 - - p l u s  an i n c r e m e n t a l  c o s t  nP $790/apartment ,  
as e s t i m a t e d  p r e v i o u s l y  

An e l e c t r i c i t y  rate of  4C/kWhr is t y p i c a l  O C  the E a s t e r n  seaboard .  For 
a v a r i a b l e  rate of r dol lars /k!dhr ,  t h e  annual  cos ts  of t h e  convent iona l  
system, C,, and of the ACES, C,, g i v e n  by t h e  e x p r e s s i o n s :  C c  = 175.92 4- 
r (12 ,749)  and Ca = 480.42  4- r (3019.7) . ' rhus,  t h e  cos t  of e l e c t r i c i t y  a t  
the c r o s s o v e r  p o i n t  i s  3.l~:/ l tWhr.  I f  l o c a l  e l e c t r i c i t y  rates are  h igher  
than 3 . 1 ~ / k W r i r ,  che ACES has lower  a n n u a l  c o s t s  t h a n  t h e  c o n v e n t i o n a l  
sys  tern. 

b 
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Table 9 .  CompajIative energy consumption (kWhr/yr) of the ACES and of 
conven t iona l  heat i -ng am1 c o o l i n g  s y s  teijis l o r  a s i n g l e - f x i i  1.y house 

Convent iona l  

z ACESc 
Fn d A n n  u a 1 all-e 1-ectuic 
11s P l o a d  s y s  tern0 h e a t  pump 

...................__ _ .~~  ._ . . . . . . .. . .- _. . . .... ~ ..... ~ 

A I 1 -e I e c t r i c 
sys tem wi. I1 I n t eg ra l .  

LZeating 12,837 17,837 

Cooling 6 ,652  3,243 

Hot water 4,750 4,750 

Tot a1 2 4 , 2 3 9  7 0 , 8 3 0  

E, ,418 

'3,243 

4 , 7 5 0  

1.4, 41.1 7,522 

a 
An a i r  c o n d i t i o n e r  f o r  space  cool.ing, and e l e c t r i c .  I -es i s tance  h e a t i n g  f o r  
space h e a t i n g  and f o r  domest ic  ho t -water  p roduc t ion .  

A h e a t  pump (COP = 2 .00)  f o r  spacc  heati .ng and c o o l i n g ,  and e l e c t r i c  
r e s i s t a n c e  h e a t i n g  f o r  doniestic hot-water p roduc t ion .  

s 

e An i n t e g r a l  ACES f o i  space  h e a t i n g  and c o o l i n g  and Lor domest ic  hot-water 
product i o n .  
t o  m e e t  tht' e n t i r e  surnmer c o o l i n g  l.oatl o i  t h e  b u i l d i n g .  The maximum 
lieat- i n k  load  of t h e  b u i l d i n g  i s  c a l c u l a t c d  t o  be  9 . 3 2  kW, o r  31,800 B t u / h r .  

The i c e - s i o r a g e  b i n  h a s  a capcl" i t y  of  3500 f t 3 ,  siif f i r i e n t  

ai-ti?uaI ei?eKgy requi rement  of ACES is  aboui: one - th i rd  t h a t  of  the conven- 

t i o n a l  sys tem witLiout a h e a t  pump, and about  one-half t h a t  of t h e  con- 

vent ional .  sys tem w i t h  a h e a t  pump. Bccause of  t h e  substar i t iaJ .  energy 

s a v i n g s  a t ta inab1 .e  by t h e  ACES d e s i g n  o p t i m i z a t i o n  s t u d i e s  are pl.anned 

t.u con t inue  and t o  le.?d eventual . ly  t o  the c o n s t r u c t i o n  and o p e r a t i o n  of 

a f u l l - s c a l e  r e s i d e n t i a l  b u i l d i n g  i n  t h e  Knoxv:i.l.l.e area. 
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4 .  COMPUTEK PROGRAMS FOR ACES D E S I G N  AND ANALYSTS 

4.1 Heat-T ram f e r  Ana lys i s  

4 . 1 . 1  Heat ing  and .. . .. . _.... coo l ing  .. .-. .- ._ l oads  

I n  ACES des ign  o p t i m i z a t i o n ,  t o  be a b l e  t o  estimate a c c u r a t e l y  t h e  

energy requi rements  of t h e  h e a t i n g  and c o o l i n g  system of a b u i l d i n g  having  

a s p e c i f i e d  s h e l l  des ign  3.s e s s e n t i a l .  Th i s  e s t i m a t i o n  r e q u i r e s  a soph i s -  

t i c a t e d  c a l c u l a t i o n  of h e a t  l o s s e s  and g a b s  of t h e  b u i l d i n g ' s  enc losed  

space, a de te rmina t ion  of the heati .ng and c o o l i n g  l o a d s  imposed on t h e  ACES,  

and a n  assessment  o f  the t o t a l  energy i n p u t  t o  a l l  of t he  system components 

r e q u i r e d  t o  s a t i s f y  t h a t  l oad .  Furthemiore,  t h e  ea1 c u l a t i o n  of h e a t i n g  

and c o o l i n g  l o a d s  f o r  t h e  pu rpose  of e s t i m a t i n g  energy consumption msr 
r e f l e c t  t h e  ac tua l  weather  c o n d i t i o n s  O E  t h e  b u i l d i n g ' s  1~ocal.e. 

S ever a1 advanc ed compu t er programs emp 1.0 y i n g  r i g  o rou s c a1 cu 1 a t i  mal. 

procedures  f o r  determini-ng t h e s e  l o a d s  have been developed o r  are be ing  

developed. 3 These comprehensive computer programs e v e n t u a l l y  are expec ted  

t o  be used exten.sive1.y i n  ACES d e s i g n  o p t i m i z a t i o n .  I n  e a r l y  ACES des ign  

s t u d i e s ,  however, a computer program f o r  c a l c u l a t i n g  b u i l d i n g  l o a d s ,  which 

was developed a t  the Oak Kidge N a t i o n a l  Labora tory  (ORNL) f o r  t h e  HUD-MIUS 

P r o j e c t ,  has  been employed. 'Chis computer program is developed accord ing  

t o  t h e  p r i n c i p l e s  se t  f o r t h  i n  t h e  ASfIfZ4E I iandhok of Pwzdamentals3 and i s  

be l i eved  t o  supply  r e l i a b l e ,  a c c u r a t e  r e s u l t s .  Unfo r tuna te ly ,  t h e  program 

is  no t  y e t  s u f f i c i e n t l y  f l e x i b l e  f o r  g e n e r a l  ACES des ign  a p p l i c a t i o n .  

The ORNL bu i ld ing - loads  program d e s c r i b e d  above i s  used t o  g e n e r a t e  

hour1.y h e a t i n g  o r  coo l ing  load  requTrements f o r  a bui l .ding of  a s p e c i f i c  

s h e l l  des ign  and i.n a s p e c i f i c  c l ima t i c  zone. The h e a t i n g  and c o o l i n g  loads  

are ca - l cu la t ed  us ing  hour ly  weather  t a p e  d a t a  on dry-bulb t empera tu res ,  

on wet-bulb t empera tu res ,  and on c loud  cover .  The h e a t  ba l ance  of t h e  

bui l .ding i s  c a l c u l a t e d  on an hour ly  b a s i s ,  y i e l d i n g  t h e  .loads on the  ACES 

f o r  s p a c e  h e a t i n g  and coo l ing  and f o r  supp ly ing  domesti.(: h o t  w a t e r .  These 

da.ta,  t:ogctiier with weather  pa rame te r s ,  are s t o r e d  on t a p e  and serve as 

i n p u t  t o  t h e  ACES performance-simulat ion program. A d d i t i o n a l  work is planned 
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t o  make t h e  b u i l  d ing-loads program f I cx ib l e  enough to acciyt  sny  a r b i t r a r y  

b u i l d i n g  des ign  arid u r i e n t a t i o n  o r ,  ,A terriat Cvcly,  to ad,3pt one of the\ 

e x i s t i n g  comprehensive load programs dcsc-ribed earl ~ P T  t o  ACES app1ica.t icms 

4.1 .2  Thermal analysis of i c e - s t o r a g e  b i n  
___--_1- 

A s t a n d a r d  computer program f o r  c a l c u l a t i n g  h e a t  transfer w a s  used 

to ca.lc.ulate heat l eakages  h t o  the ice b in ,  The prograin BKTRAKZ einpl.oys 

Rz geometry and c a l c u l a t e s  s teady-s  t a t e  teinperatures , t a k i n g  i n m  acwixit: 

he.at g e n e r a t i o n ,  conduct ion ,  a t i d  r a d i a t i o n .  The thermal  condi.ic:t i . v i t y  m y  

be taken t o  b e  temperature-dependent The program w a s  used t o  c a l . c i i l a t i h  

the e q u i  l i b  rim-t emperature d i s  t r i b u t  ion es t a b  1.ishe d i.a the ear 1rh .s; wr round.! ng 

a b u r i e d  c y l i n d r i c a l  tank contai.ning water a t  32°F.  Any o t h e r  r:ead:i .i y 

a v a i l a b l e  s t a n d a r d  h e a t - t r a n s f e r  program conld be  used t o  e . s L a b I L s h  bin- 

i n s u l a t i o n  requirementx . 

4.2  ACES P ~ C ~ O T R I ~ E I C : ~  S i m u l a t i o n  

T o  assist in ACES d e s i g n  axid r ~ c o r ~ ~ m i c  o p t i n i i z a t i o n  studies ii conp.tt:er 

program w a s  developed t o  s imulate  the p e r  Eormance o f  an ACES-equipped 

b u i l d i n g  o v e r  a period o f  several y e a r s  T h e  prsg:raril u s e s  t:li<i r e s u l t s  o f  

the prev ious ly  d e s c r i b e d  load p rogrm t o  calc.ulate a the-mal i~sc..crsualr for- 

the b u i l d i n g  on an  hour-by-how basis, This tbe:tx~ri a 11217t iS nc:E:um~lI~?Ir i? .r :  

on a d a i l y  and a n n u a l  basis I t o  p r o v i d e  the .Eo I lowing i.nlol-raation rel.at:lng 

t o  ACES performance : 

i . 
2. 

3 .  

4 "  

5. 

6 .  

7. 

8. 

b u i l d i n g  h e a t i n g  l o a d s  

c o o l i n g  and bot-water l o a d s  

energy cmtputr of t.hc s o l a r  p a n e l  

e l ec t r i c  energy i n p u t  t o  the heat pump 

e lec t r ic  energy i n p u t  t o  the punips m t l  I.sJ.cswers 

ice f o m e d  o r  melted rlurixg t h e  day 

cu~nulat i .ve total cool ing  3.oad 

cumulative total h e a t i n g  1ond 
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9 .  cumulat ive hot-water  l oad  

10 .  t o t a l  e l ec t r i c  eliergy i n p u t  t o  tlie h e a t  pump (kWhr) 

11. t o t a l  e l c c t r i c  energy i n p u t  t o  t h e  pump arid f a n  (kWhr) 

l?* 

13 .  d a i l y  and annual  COP of t h e  system 

ice  inven to ry  i n  t h e  b i n  and t h e  r c s c r v o i r  tempera ture  and 

The computer program a l s o  c a l c u l a t e s  any a d d i t i o n a l  h e a t i n g  r equ i r ed  

by t h e  b u i l d i n g  t o  de te rmine  whether  t h e  h e a t  pump sei-ected f o r  ACES i s  

adequate1.y s i z e d .  A t  t h e  end of each  y e a r ,  t h e  computer program c a l c u l a t e s  

t l i e  s e a s o n a l  COP of the system, t h e  minimum izank s i z e ,  t h e  m a x i m u m  h e a t i n g  

load ,  and t h e  maximum c o o l i n g  l.oad. The program ou tpu t  a l s o  p rov ides  

tab les  of hour ly  e l e c t r i - c a l  consuriiption and peak hour ly  e l e c t r i c a l  conswnp- 

t i o n  f o r  each month of t h e  y e a r .  This  i n fo rma t ion  is of  p h r t i c u l a r  i n t e r e s t  

t o  e l - e c t r i c  u t i l i t y  companies i n  e v d u a t i n g  t h e  e € f e c t  of t h e  ACES on t h e i r  

l oad  p a t  t e r n .  
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5 .  COMPONENTS DESIGN AND TESTING 

5 1 Ice-Bin S t x u c t u r e s  

The b a s i c  requi rements  of a n  ACES i c e - s t o r a g e  b i n  are Lhat it be 

e a s i l y  coils t r u c t e d  from commercially a v a i l a b l e  materials E rclPai fvcly 

i n e x p e n s i v e ,  w a i e r t i g h t ,  a c c e s s i b l e  f o r  mintenance, and a d t r q u a a ~ l y  in- 

s u l a t e d  t o  p r e v e n t  u n d e s i r e d  m e l t i n g  of t h e  s t o r e d  icc.. The s t r u c t u r e  

s h o u l d  b c  l a r g e  enough t o  provide  a reserve c a p a c i t y  of  i c c h  f o r  rnwt-2ng 

a n t i c i p a t e d  v a r i a t i o n s  i n  l o a d s  a r i s i n g  from year- to-year  changes i i i  

climate. I n  g e n e r a l ,  t h ~  CDSL p e r  u n i t  volume of RII i c e - s t o r a g e  F i n  

d e c r e a s e s  as the s i z e  of  t h e  b i n  increases. Heat Leakage into tikc. Tiin 

(per u n i t  volume) a l s o  d e c r e a s e s  w i t h  i n c r e a s i n g  b i n  s i z e  because O F  the 

more f a v o r a b l e  surface-to-volume r a t i o  of  1 a r g e  s t o r q e  t a n k 2  A nui!tber 

of al ternative w a t e r - s t o r a g e  s t r u c t u r e s  t h n  t have been developed i n  r e c e n t  

years f o r  o t h e r  a p p l i c a t i o n s  arc a l so  s u i t a b l e  f o r  u s e  w i t h  the AGES, 

The c o n s t r u c t i o n  c o s t  of water -s torage  r e s e r v o i r s  of d i f f e r e n t  d ~ s i g i i s  

t h a t  might be a p p l i c a b l e  t o  t h e  ACES has been i n v e s t i g L t t e d  Isy Cruexch and 

Adnms, Inc. under contract :  wich Union Carb ide  C o r p o r a t i m  Nuc.1 e ~ r  I-~ivi~cjion - 
The Crouch and Adam r e p o r t  a l s o  discusses p o s s i b l e  tmistrtic.tIm7 pn:o?iLcmd 

and maintenance c o s t s .  

5.3.. .I A1.terna t i v e  ice-b in  d e s i g n s  -....--____I_ 

.- Modular s t o r a g e  t a n k s  ~ During t:be past e i g h t  yea-rs,  a type o E  

w a t e r t i g h t  underground tank has been developed t o  ~ t o r : ~ :  l i q u i d  m n u r c  

wastes from d a i r y  f a r m s  and from catt.Le Eet?.d:l.o~s (1 'i'hese tanks ; x t e  :Iocai:ci..d 

underground o r  benea th  buil.di.ngs and are c a p a b l e  of  r;upport:in,g 1. Lve l o a d s  

of i50 p s f .  sUciL a tank would be su~fic: . ien~:y s t rung t o  ::!e ils T:i 

c e n t r a l  ACES s t o r a g e  b i n  l .ocated,  Cor example, heneat:li a cil:.y F 

The t a n k s  a r e  of modular c o n s t r u c t i o n ,  employing tongue-and-,groove reiofor.ced 

c o n c r e t e  p a n e l s  4 x 10 x .1/2 E t  in  s i z e ,  a n d  are mnrket:t3ii! by Mi.d~wi:?:;.t Bunker 

S i l o  Company of Charlot te . ,  Michigan. 
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The tanks  are c o n s t r u c t e d  by f i r s t  making t h e  excavat ion  and t h e n  

l a y i n g  a f l o o r  w i t h  a &in.-deep, 7-in.--wide groove around i t s  p e r i m e t e r .  

The groove i s  provided t o  r e c e i v e  t h e  ends of t h e  p r e f a b r i c a t e d  concirete 

paue1.s. The pane1.s are p o s i t i o n e d  w i t h  a crane and sealed w i t h  a mastic 

dur ing  assembly. The e n t i r e  o p e r a t i o n ,  i l l u s t r a t e d  in F i g .  6 ,  proceeds 

q u i t e  r a p i d l y  and t y p i c a l l y  r e q u i r e s  only  about  five.  days from t h e  i n i t i a l  
excavat ion  t o  t h e  f i n a l  backfi l .1 .  

modular s t o r a g e  tank  is e s t i m a t e d  t o  range f r o m  60c. t o  95c p e r  cubic  f o o t  

of c a p a c i t y .  

The i n s t a l l e d  c o s t  of t h e  f u l l y  i n s u l a t e d  

ORNb PHOTO 4282-75 
I 

F i g .  6. Modular water tank under  c o n s t r u c t i o n .  

Vinyl-1.ined pond. The least  expens ive  and most easi1.y c o n s t r u c t e d  . .I_..____s- 

i c e - s t o r a g e  b i n  c o n s i s t s  s imply of a pond w i t h  a f l o a t i n g  i n s u l a t e d  l i d .  

In  t h e  case of porous s o i l s ,  t h e  pond excavat ion  could be l i n e d  w i t i h  

20-mill  p l a s t i c  s h e e t i n g  t o  reduce water seepage ~ a l though l i n i n g  i s  

probabl-y not  needed f o r  c l a y  s o i l s ,  As shotm i n  F i g .  7 ,  a f l o a t i n g  lid 

c o n s i s t i n g  of 2-in.  u r e t h a n e  board f a c e d  w i t h  v i n y l  s h e e t i n g  reduces  

h e a t  leakage  through t h e  t o p .  I€ d e s i r e d ,  t h e  f l o a t i n g  l i d  can be covered 
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Fig .7 .  Vinyl - l ined  pond w i t h  E loa t ing  insulated l i d  f u r  use  8s thcl 
ACES ice b i n .  

by water t o  c o n v e r t  the ice-storage facility i n t o  an a t  t ~ictivc landscape 

feat u r e .  The pond i c e - s t o r a g e  o p t i o n  is s u i c a b l  e f o r  rurttl app L <  cation‘i 

of the  ACES o r  i n  urban settings having s i i f  ricient avnil.abLe s p a r e ,  l’ltt. 

c a s t  of a pondtype ice b in  f o r  the ACES i s  e s t i m a t e d  t o  range fro113 sboiat 

3Oc t o  5Oc p e r  cubic f o o t  of s to rage  c a p a c i t y ,  d e p ~ i i d i n g  cm thc s i z e  of 

t h e  b i n .  

S t e e l  S t O K a g e  tank. A g a l v a n i z e d  stee:l. i:ank3 locaked  either .al)ovt:! 

ground o r  p a r t i a l l y  b u r i e d ,  could conce ivably  be used  :i.u aome situations 

t o  provide  ice-s torage capacity f o r  ACES -~:etrof i~ appl : ica t ions  o r  :i.n ciises 

where t h e  prese~ic .e  of KO& p r e c l u d e s  e x c a v a t i o n  f o r  ut .her  t.ypt”.s o f  i;t.orage ~ 

F i g u r e  8 shows how a s tee l  s to rage  t a n k  c o i ~ l d  be i .iisuiated co reduce: heat. 

leakage. The cost: o f  i n s t a l l i n g  and insulat:i.ng this t y p e  01: :~.ce--st:om- tac 

capac5 t y  i s  c u r r e n t l y  b e i n g  examined. Pre1i.m:i.i-m:ry i n d i c a t i o n s  

s t ee l  t a n k s  can b e  cornpetetive w i t h  a l t e r n a t i . v e  storage SYtjt’e[!1:$, p r o v i d i n g  

t h a t  advantage i s  taken of low-cost units developed pn-im;zril.y for 2’ ‘I xri-  

cul tura .1  use. 

Basement s to-rage b i n .  Fo r  buildings of n e w  c:onstrutrt i o n ,  t h e  b e s t  

and leas t  expensive method o f  p r o v i d i n g  i c e - s t o r a g e  capacity f o r  the 

ACES is  probably  the basement: s t o r a g e  b i n .  ‘The :i.ce b i n  can be designczjd 
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ORPuL- DWG 7 5 - 6 8 5 7  

Pig .  8. The ACES i ce  b i n  c o n s t r u c t e d  above grade  from a ga lvanized  
s t e e l  i n s u l a t e d  tank .  

as a n  i n t e g r a l  p a r t  of t h e  b u i l d i n g  s t r u c t u r e  and c o n s t r u c t e d  u s i n g  exca- 

v a t i o n  equipment,  l a b o r ,  and materials that normally are a l r e a d y  on hand 

a t  t h e  b u i l d i n g  s i t e .  F igure  9 shows one f e a s i b l e  d e s i g n  of an i c e  3 i n  

i n c o r p o r a t e d  i n t o  t h e  basement s t r u c t u r e  of a b u i l d i n g .  The c o s t  of a 

basement s t o r a g e  b i n  of t h i s  t y p e  i s  e s t i m a t e d  n o t  i o  exceed $1 p e r  c u b i c  

foot: of s t o r a g e  c a p a c i t y  and could eveatual.1.y be reduced t o  one-half t h i s  

amount as more c o n s t r u c t i o n  e x p e r i e n c e  i s  a c q u i r e d .  

5.1.. 2 Ice-bin i n s u l . a t i o n  .I._. requi rements  

Heat leakage  i n t o  t h e  b i n  from t h e  o u t s i d e  environment must be minimized 

t o  p r e s e r v e  t h e  i ce  accumulated dur ing  t h e  h e a t i n g  season  f o r  l a t e r  u s e  i n  

meeting the b u i l d i n g ' s  c o o l i n g  l o a d .  The amount of h e a t  leakage  i n t o  t h e  

b i n  can be h e l d  i o  a l o w  v a l u e  by i n s u l a t i n g  t h e  w a l l s  and top  w i t h  2 i.n. 

of ure thane  foam board f a c e d  w i t h  a n  i n s i d e  r e f l e c t i v e  f(1.i.l. Ai least 4 i n .  

of a i r  space  shoul.d be provided  on t h e  top ,  between t h e  s u r f a c e  Of t h e  
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Fig. 9.  The ACES ice  b i n  i n c o r p o r a t e d  .into basement s t r u c t u r e  csS 
11ui.fding. 

w a t e r  and the roof of t h e  b i n .  T h e  effectiveiiess of t h i s  Cypc of :i.nsda- 

t i o n  was c a l c u l a t e d  f o r  a h y p o t h e t i c a l  c y l i n d r i c a l .  ice 11ri.n 40 ft i n  diameter  

and 10 Et: in depth.  

The i c e  b i n  :i.s assumed t u  be sunken t o  ground l e v e l  i n  wet soil. a-rid 

t o  be l o c a t e d  i n  a c.l..i.matic r e g i o n  cha.ract:erFzed by an a-vi 3ge annual tern- 

p e r a t u r e  o f  55 t o  59°F .  The ground-surXaee t.emperature varies I> 

and 70"F, and the c o e f f i c i e n t  of thermal  c:or~cluctivlty of the so i l .  :i.s t:alcen 

t o  be 1.0 Btu-f t  k l r - 1  ft-2  OF-^^ 
t o  remain c o n s t a n t  a t  32°F for the i ce /wate : r  mfxtsure A computer parogrnrri 

f o r  c a l c u l a t i n g  tieat transfer :i.n geometry, tiETU$U was used t:o t~e~ei~mine  

the tempera ture  d i s t r i b u t i - o n  around the i . c t t i  b in  Table  1.0) s h o w s  the r e s d t s  

o b t a i n e d  i n  terms of t h e  average  nionthly h e a t  :E:l.ux i n t o  t i le ta-iik ~ The effect 

of t a n k  s i z e  011 h e a t  i n - k a k a g e ,  e x p r e s s e d  as percenk p e r  tili>ntll of  he 

thermal  s t o r a g e  c a p a c i t y  o f  tl-E! mnk, is shown. in. Fig .  10. 

TIE tempera ture  wi . t~~: i .n  r t ~ a  tank i s  ;~ss~.mi;j.ci 
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T a b l e  10. Average monthly h e a t  f l u x  i n t o  ACES i c e  b i n  
(Btu hr-l f t-2)a 

T O P  S i d e s  Bottom 
... ---_--__-..... Mon rh 

I n s u l a t e d  Uninsul.at:ed Lnsdated Uninsula ted  I n s u l a t e d  

June 

J u l y  

Aug . 
Sept . 
Oct.  

N O V .  

Dec. 

Jan .  

Feb.  

March 

Apr . 
May 

R22-7 

1.63 

1.6.3 

1.46 

1.16 

0.83 

0.54 

0.37 

0.37 

0.54 

0.53 

1.7.7 

1.46 

2.52 

3.35 

4.16 

4.76 

4.83 

4.76 

4.16 

3.35 

2.52 

1.94 

1.72 

1.94 

R16 6 

1.37 

1-71 

1.44 

2.0 

1.87 

1.58 

1.23 

0.89 

0.66 

0.60 

0.73 

1.03 

1.48 

1.66 

1.84 

1.47 

2.02 

1.97 

1.84 

1.66 

1-48 

1-35 

1.30 

1.35 

R16.6 

1.02 

1*11 

1.18 

1.19 

1.10 

1.08 

0.97 

0.88 

0.81 

0.80 

0.83 

0.91 

a F o r  b u r i e d  tanks i n  w e t  s o i l  i n  a climate where average  annual  tempera ture  
i s  between 55 and 59°F and w l w r e  w a t e r  i n  t a n k  is  main ta ined  at 32'F. 

ORNL-DWG 75-6853 

2 

TANK V0Wh"E ~ft3X10001 

F i g .  10 .  Average monthly h e a t  l e a k  as p e r c e n t  o f  t o t a l  Btu s t o r a g e  
c a p a c i t y  vs tank volume (for square t a n k s  with a depth  of 10 ft b u r i e d  
i n  WP_+ s o i l  i n  a c l i m a t e  where average  annual  tempera ture  i s  55 t o  59OP). 



5 . 2  Ice-Freezing C o i l s  

The most s t r a i g h t f o r w a r d  approach f o r  prov:iding tht3Imal. l i n k a g e  between 

t h e  ACES h e a t  pump and t h e  ACES h e a t - s t o r a g e  Eacril.ity wou1.d be. t o  r.!?.c:i.:rculate 

l i q u i d  r e f r i g e r a n t  from t h e  accumulator  d i r e c t l y  through the heat-exc:hanger 

c o i l s  i n  t h e  water -s torage  b i n  (F ig .  4) I This  tnethod would  a l l o w  the system 

to o p e r a t e  a t  a h i g h e r  e v a p o r a t o r  tempera.ture than would be possible with. 

a n  i n t e r m e d i a t e  heat-exchange loop ,  producing an  attendant:  i:mp~-oveme.aIr lira 

COP. However, t h e  method would r e q u i r e  a l a r g e  i n v e n t o r y  o f  refri.ge.rariI: 

and a l s o  would r e q u i r e  proper  des ign  measures t o  e n s u r e  that l u b r i c a t i n g  

o i l  i s  r e t u r n e d  t o  t h e  compressor ~ C a r e f u l  desfgn  a t t e n t i o n .  wou1.d a1  so 

have t o  be g iven  t o  t h e  p o s s i b i l i t y  of l e a k a g e s  a r i s i n g  i n  the hea t -  

exchanger  c o i l s  r e s u l t i n g  i n  t h e  l o s s  of r e f r i g e r a n t .  3o:i.nt:s i n  t h e  h e a t -  

exchanger t u b i n g  would have t o  be I.ocated :i.n an  area accessible For i.n- 

s p e c t i o n  and s e r v i c e  w i t h o u t  the need f o r  emptying the water -s torage  t a n k  rj 

I n  view of t h e  p o s s i b l e  d i f f i c u l t i e s  a s s o c i a t e d  witrh the d i r e c t  

recirculation of r e f r i g e r a n t  through the  i ce  b i n ,  a more c o n s e r v a t i v e  

approach i s  t o  i n t e r p o s e  a n  . intermediat .e heat-exchange. ioap between the 

e v a p o r a t o r  and t h e  s t o r a g e  b i n  ( F i g .  I.). A methanol-and-tJ;iter brl.iric.: 

c h i l l e d  by t h e  e v a p o r a t o r ,  i s  pumped t o  t h e  s t o r a g e  b i n  where t h e  br ine  

f l o w s  through a h e a t  exchanger  c o n s i s t i n g  of c x t r u d e d - a l - ~ ~ ~ i ~ i ~ f l  f i r taed 

tub ing  and  is  t h e n  r e t u r n e d  t o  t h e  e v a p o r a t o r  ~ The. heat-exclianger t u b  Lny, 

i n  the i ce  b i n  i s  a r r a n g e d  i n  a s e r p e n t i n e  c o n f i g u r a t i o n  m d  i.s fu3 . ly  

submerged. Heat f lows from t h e  water s t o r e d  i n  the  bin., t i irough t h e  wa1.I 

of the heat-exchanger t u b e ,  to t h e  c h i l l e d  b r i n e ,  resaalting l”.n the formation 

and bui ldup  o f  i ce  on t h e  o u t s i d e  s u r f a c e  of the heat-exchanger t .&ings  An 

ana.1yti.ca.L and experimental .  i .nvest:i.gation has been c:.ond1.1ct:ed to  deternine 

t h e  long-term performance o f  t h i s  heat-exchanger concept  and t o  i.de11t.l f y  

d e s i g n  r e q u i r e m e n t s .  H e a t - t r a n s f e r  rates a t  d i f f e r e n t  t h i cknesses  of i c e  

bui ldup  w e r e  measured and compared w i t h  t h e o r e t i c a l  values and t h e  e f f e c t  

of a l t e r n a t e  f r e e z i n g  and thawing of i c e  on t h e  mechanical  s t a b i J . . i . t y  of 

t h e  h e a t  exchanger was s t u d i e d .  



5 . 2 . 1  I c e - c o i l  performance ~. t es t s  

The ra te  of i c e  bui ldup on t h e  o u t s i d e  s u r f a c e  of t h e  extruded-aluminum 

tubes  of t h e  i c e - b i n  h e a t  exchanger was measured and compared wi~th  ca l .cu la ted  

v a l u e s .  C a l c u l a t i n g  the ra te  of i c e  format ion  i s  complicated because t h e  

t h i c k n e s s  of t h e  i ce  annulus  s u r r o u i ~ d i n g  t h e  m e t a l  tube v a r i e s  cont inuous ly  

as i c e  accumulates .  This  accumulat ion of i ce  reduces t h e  rate at_ which h e a t  

f lows from t h e  w a t e r  i n  t h e  s t o r a g e  tank ,  through t h e  ice annulus  and t h e  

m e t a l  wall. of t h e  heat-exchanger t u b e ,  t o  t h e  co ld  b r i n e  i n s i d e  t h e  tub ing .  

Coiisider t h e  case  o f  a cyI . indr ica1  m e t a l  tube of l e n g t h  L ( f t )  w i t h  an 

o u t s i d e  d iameter  DT, which c o n t a i n s  b r i n e  a t  a tempera ture  TB ( O F ) .  The 

metal. tube i s  surrounded by a c y l i n d e r  of i c e  having an ouliside d iameter  

DI and imiiersed i n  a t ank  of water a t  32°F.  It i s  d e s i r e d  t o  c a l c u l a t e  

t h e  ra te  a t  whic.h h e a t  f lows f r o m  t h e  water t o  t h e  b r i n e  f o r  t h i s  case o f  

constant.  ice t h i c k n e s s  

To a f i r s t  approximation,  t h e  small t empera ture  drop a c r o s s  tiit. t h i n -  

wal led  metal. tube can be n e g l e c t e d .  I n  t h i s  case, t h e  ra te  a t  which heat 

flows €rorn t h e  w a t e r  t o  t h e  hri .ne,  4 ( B t u / h r ) ,  i s  g iven  by t h e  e x p r e s s i o n  

where K is t h e  c o e f f i c i e n t  of thermal  c o n d u c t i v i t y  of ice,  1 . 3 4  Btu- f t  

h r - l  Itw2 " F - l .  This  r e l a t i o n s h i p  has  been used s u c c e s s f u l l y  t o  c o r r c l a t c  

measured heat-f low rates corrpsponding t o  d i f  fe re r i t  t h i c k n e s s e s  of t h e  i c e  

annulus .  I n  making tlic c o r r e l a t i o n ,  shown i n  Fig.  11, i t  w a s  necessary  Lo 

compute an "ef F e c t i v e  diameter"  of t h e  f i n n e d  heat-exchanger  tub ing ,  t a k i n g  

i n t o  account  t h e  e f E i c i e n c y  o€  Llie f i n s .  

I c e - f r e e z i n g  tests . An exper imenta l  test  assembly w a s  e r e c t e d  accord ing  

t o  the schemat ic  diagram and equipment s p e c i f i c a t i o n s  shown i n  Appendix A a 

Throughout t h e  ice-Ereez ing  tes ts ,  p e r i o d i c  r e c o r d s  w e r e  made of t h e  d i s -  

charge and s u c t i o n  p r e s s u r e s  o f  t h e  compressor,  t h e  tempera tures  of t h e  

b r i n e  and water a t  s e l e c t e d  l o c a t i o n s ,  and t h e  weight  of t h e  accmul .a ted  

ice .  The weight  of t h e  i ce  formed on t h e  aluminum tubes w a s  recorded t o  
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provide  a measure of t h e  rate of heat t ransfer -  from t h e  w a t e r  t o  thc b - "  I irie 

f o r  d i f f e r e n t  t h i c k n e s s e s  o f  accuraulat-ed i c e  The elctrn_udri!d--al~min~im tube 

t h a t  w a s  t e s t e d  i s  0.5 i n .  i.n diameter and : i s  provided w i t h  S.2.5- .by. 

0.20-in.  l o n g i t u d i n a l  f i n s  spaced 1.80" apart on each si.& of t h e  t u b e ,  

The. ice-freezing tests were c,ontinued u n t i l  no .furtiier acc~a .~~~~eI .~r t I .on  o f  

ice  c o u l d  be achieved .  Heat f l o w  from t h e  C ? R V ~ ~ O L I K E ~ ~ :  4.nto the i m ~ l a r e d  

tank ultimately I i .mited t h e  max:i.inum diameter  of  the i c e  ; m n a l u s  t:s; about  

6.8 in. 

The need f o r  improved i n s u l a t i o n  of the t e . s t  tank was also fndicat:ed 

by t.ernperature stra tifieation within the tanks During t b ~  t e s  i:s A con- 

c e n t r a t i o n  o f  3gaF water w a s  observed a t  the b ~ t t o m  oE t he  tank:, 1rndoubt:edI.y 



a r i s i n g  from inadequate  i n s u l a t i o n  of t h e  tank wa1.l~. This  tempera ture  

c o n c e n t r a t i o n  caused t h e  i c e  c y l i n d e r s  t h a t  w e r e  formed t o  e x h i b i t  a d e f i n i t e  

t a p e r  w i . t h  t h e  smal.l.er d i a m e t e r  be ing  n e a r  t h e  bot-tom of t h e  [lank. This  

uneven accumulat ion of i c e ,  observed f o r  i c e  c y l i n d e r s  less  t h a n  about  

4.5 i n .  i o  diameter  would n o t  occur  i n  a w e l l - i n s u l a t e d  tank  b u r i e d  i n  t h e  

ground.  To reduce temperature  s t r a t i - f i c a t i o n  i n  t h e  tank ,  a srriall s t r e a m  

o f  a i r  bubbles  from a compressed a i r  Line w a s  i n t r o d u c e d  at each end of 

t h e  tank .  Although t h i s  measure was s i ~ c c e s s f i i l ,  p l a n s  are t o  provide  

b e t t e r  tank  i n s u l a t i o n  arid t o  ex tend  t h e  tests t o  provide  d a t a  a t  highel-  

bu i ldups  of ice .  

The observed heat-f low r a t e  :horn t h e  w a t e r  t o  t h e  b r i n e  was found 

t o  a g r e e  well wi-th c a l c u l a t e d  v a l u e s ,  as shown. i n  F ig .  11. Furthermore,  

t h e  h e a t - t r a n s f e r  r a t e  achieved  w i t h  t h e  exper imenta l  heat-exchanger t u b i n g  

d e s c r i b e d  above is more than s u f f i c i e n t  f o r  ACES a p p l i - c a t i o n  i n  both  t h e  

heat:i.ag and c o o l i n g  modes. Thus, t h e  i c e - f r e e z i n g  i e s t s  f u l l y  confirm t h e  

adequacy of t h e  proposed i c e - c o i l  desi-gn w i t h  respect t o  i t s  h e a t - t r a n s f e r  

c h a r a c t e r i s  t i c s .  Addi- t ional  test:s w e r e  performed t o  de te tmine  t h e  mechanical 

s t a b i l i t y  of t h e  i c e - c o i l  c o n f i g u r a t i o n  and t o  i d e n t i f y  des ign  requi rements .  

Ice . - -co i l  s t a b i l i t y  ._. tes ts  * The extruded-aluminum c o i l s  of t h e  i c e - h i n  -. . . . .. .. . 

h e a t  exchanger are s u b j e c t e d  t o  c e r t a i n  physi.ca1- f o r c e s  d u r i n g  ACES o p e r a t i o n  

which c.ou1.d conceivably i m p a i r  t h e  mechanical i n t e g r i t y  of trlie c o i l s  I For 

example, wheo t h e  ACES i s  o p e r a t e d  i n  t h e  h e a t i n g  mode, t h e  bui ldup  of i ce  

on t h e  c o i l s  exerts an upward buoyant f o r c e  of about  5 . 1  l b / f t . 3  of accumu- 

l a t e d  ice ,  Because t h i s  buoyant f o r c e  i s  n o t  g r e a t ,  i t  can be easi1.y 

c o u n t e r a c t e d  by i n s t a l l i n g  t h e  c o i l s  i n  a v e r t i c a l  s e r p e n t i n e  conf i g u r a t i o a  

a d  by p r o v i d i n g  an arrangement i n  t h e  i c e - b i n  d e s i g n  to  hold  t h e  c o i l s  

submerged a t  a l l  t i m e s .  Of a potent- ia l l -y  more s e r i o u s  n a t u r e ,  however, 

are t h e  expansion f o r c e s  e x e r t e d  on tlie c o i l s  and on t h e  w a l l s  of t h e  

w a t e r  tank by t h e  f r e e z i n g  of w a t e r .  

This  p o t e n t i a l  problem was reciJgnized :in e a r l y  ACES des ign  cons id-  

e r a t i o n s  and w a s  d e a l t  w i t h  by requ:i.ring t h a t  a n  a u t o m a t i c  ice-bank c o n t r o l  

system be ir1stal.J-ed t o  prevent  t h e  w a t e r  i n  t h e  s t o r a g e  t a n k  from f r e e z i n g  
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s o l i d .  Even w i t h  such  a c o n t r o l  system, however, a s m a l l  but F i n i t e  gos- 

s i b i l i t y  remains t h a t  r e p e a t e d  f r e e z i n g  and thawing of water i n  I:be :sitorage 

t a n k  o v e r  many s e a s o n s  could  r e s u l t  i n  d'mage to t h y  ice c o i l s ,  The i c e  

c o i l s  are m o s t  v u l n e r a b l e  t o  damage o r  d i s t o r t i o n  a t  t inies when t h e  ACES 

r e t u r n s  t o  t h e  h e a t i n g  mode b e f o r e  t h e  i ce  c y l i n d e r  sur rounding  the t u b i n g  

has  been f u l l y  melted.  As t h e  w a t e r  t r a p p e d  between the i c e  cyl-ioder and 

t h e  b r i n e - c a r r y i n g  t u b e  r e f r e e z e s ,  t u b e  col l a p s e  c:ou3 d occur e To test 

t h i s  h y p o t h e s i s ,  a series of Freeze-thaw tests was conducted. 

The tests were performed by m e l t i n g  o u t  par t  of t h e  i ce  cy l inde r  

dur ing  daytime o p e r a t i o n  of t h e  ACES test assembly and r e f r e e z i n g  t h e  

t rapped  water o v e r n i g h t .  No damage o r  d i s t o r t i o n  o r  t h e  heat-exchanger 

tub ing  o r  its s u p p o r t s  was observed f o l l o w i n g  t e n  freeze- thaw cyc les  

I n  e v e r y  case, t h e  t r a p p e d  water f r o z e  s o l i d  and r e l i e v e d  t h e  pressiire 

by c r a c k i n g  t h e  sur rounding  ice r a t h e r  t h a n  by co l laps i r rg  thc  heat-exchanger  

tube .  F i g u r e  L2 shows t h e  b a l l a s t  c o i l  and t h e  r a d i a l  c r a c k s  i n  clre i c c k  

c y l i n d e r  caused by t h e  expansion f o r c e s  of t h e  t rapped  water as i t  f r o z e ,  

Thc: r e s u l t s  of the test demonstrated t h c  adequacy of the proposed  ice-coil 

d e s i g n  w i t h  r e s p e c t  t o  i t s  mechanical  s t a b i l i t y  under  ,rc:tual l o a d  condi~ions 

5 e 2.2 Cooling-mode o p e r a t i o n  of i c e - b i n  heat __-_cIc.~.-I.. exchanger 
I_ 

The e s s e n t i a l  energy-saving f e a t u r e  of the ACES i s  t h e  m e  a:>f ice  

accumulated i n  t h e  s t o r a g e  b in  cluring the w i n t e r  heatin); season t o  p r o v i d e  

summertime c o o l i n g  f o r  the b u i l d i n g .  T h e  ACES concept  e n v i s i o n s  erriphying 

t h e  same i c e - b i n  tieat exchanger  (used. t o  f r e e z e  the i c e )  t o  circu1at.e 

c h i l l e d  bri .ne t o  areas of the b u i l d i n g  r e q u i r i n g  a i r - c o n d i t i o n i n g  :;em<.ce. 

A t  t h e s e  areas t h e  c h i l l e d  b r i n e  i s  pumped through a con?.ing coi.2 Located 

i n  a f o r c e d - a i r  c i r c u l a t i o n  d u c t .  The a i r  is  cool.ed b y  contact-  w i t h  the 

c h i l l e d  s u r f a c e  o f  t h e  b r i n e - c a r r y i n g  c o i l  and i s  c.i.rcu.l.ated to  the room, 

To dehumidify t h e  room a t r  p r o p e r l y ,  elis bri.tir in the c o d i n g  co:i.l. must 

be maintained a t  a tempera ture  o.E 50°F o r  below. 

B r i n e - c h i l l i n g  tests of t h e  i c e - b i n  1iea.t exchanger were prr.Corwed t o  

de te rmine  whether t h e  proposed d e s i g n  i s  adequate E c i r  s ~ ~ p p l y i n g  b r i n e  that  

is s u f f i c i e n t l y  c o l d .  Duri.rig cooling-mode operat5-011.~ h e a t  f1.ows from the 
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F i g .  1 2 .  The ACES b a l l a s t  c o i l ,  showing radial  c racks  i n  i c e  c y l i n d e r .  

warmed b r i n e  r e t u r n i n g  from t h e  apartment: c o o l i n g  c o i l  through t h e  metal 

w a l l  of the  heat-exchanger  t u b e 9  t o  t h e  i c e  s t o r e d  i n  t h e  b i n .  This  h e a t  

f low melts a p r o g r e s s i v e l y  l a r g e r  co re  of t h e  i c e  cyl i -nder  su r round ing  the 

heat-exchanger tube  a r i d  c h i l l s  t h e  b r i n e  r e t u r n i n g  t o  t h e  apartment: coo l ing  

c o i l .  The ra te  of h e a t  f l o w  from t h e  h e a t  exchanger  t o  the ice b i n  was 

mc?asured us ing  t h e  expe r imen ta l  test  assembly desc r ibed  p r e v i o u s l y .  The 

r e s u l t s  ob ta ined  are shown i n  F ig .  13 .  The rcsuI.t_i.ng heat t r a n s f e r  coef-  

f i c i e n t  Cor t h e  a l u m i n i u m  e x t r u s i o n  tube i s  4.75 Biu hr-' f i - l  of t h e  

l o g a r i t h m i c  mean tempera ture  di rn t ice  (LMTD) . 
The measured h e a t - t r a n s f e r  c o e f f i c i e n t  i s  adequate  Lor ACES cool.ing- 

mode r equ i r emen t s .  The q u a n t i t y  of h e a t  t h a t  could be t r a n s f e r r e d  i.n 1 hr  

t o  a HIOO-ft3 t ank  having  1. fir  o f  heat exchanger  tube p e r  cub ic  f o o t  o f  tank  

would be  (4.75 Btu ft-1 a F - l ) ( l O O O  f t 3 ) ( 1 3 0 F  LMTD), o r  61.,750 Btu.  T h i s  

ra te  o f  h e a t  t r a n s f e r  i s  e q u i v a l e n t  t o  more than  5 t o n s  of reErigerat i ion 
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AVERAGE T BRINE (OF) 

F i g .  13. Br ine-cool ing  rate as a f u n c t i o n  of the in:i.t;Lal t empera ture  
of b r i tie e n t e r i n g  flea t-exchanger t u b i n g  . 

and would r e s u l t  i n  t h e  complete thermal. d i s c h a r g e  of tile t m k  in 151) h r  of  

o p e r a t i o n .  Thus, t h e  brine-chil.l .ing tests eonfirill tht: adequacy 0 :  ehr: ice- 

c o i l  d e s i g n  f o r  meet ing t h e  requi rements  a, f ACES cooling-mode u p c r a t i o n ,  

5.3 Heatrori Evapora tor  T e s t  

An e v a p o r a t o r ,  manufactured by I lea t roa ,  Inc .  o f  Ynrk, PennsyIva I r i a ,  

w a s  t e s t e d  f o r  p o s s i b l e  ACES a p p l i c a t i o n .  As shown i n  Fig.  14 ,  the evapo- 

r a t o r  f e a t u r e s  six aluminum s p i n e d  tubes,  each having a nominal JPS pipe 

s i z e  of 1 / 2  i n . ,  a r r a n g e d  i n  a v e r t i c a l  c o n f i g u r a t i o n ,  The 11rin.e ilows 

downward i n s i d e  t h e  t u b e s  i n  counterfl.ow t o  t h e  evaporat i n g  refr igerant  
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P i g .  1 4 .  The Heatron AW-24 expe r imen ta l  e v a p o r a t o r .  

on t h e  o u t s i d e  of t h e  t u b e s .  O i l  r e % u r n  h o l e s  l o c a t e d  near  t h e  top  o f  

the c e n t r a l  co re  tube  conduct l u b r i c a n t  ( w i t h  r e f r i g e r a n t  vapor)  back t o  

t h e  compressor.  The Ileatron des ign  w a s  cons ide red  f a v o r a b l e  f o r  ACES 

a p p l i c a t i o n  because i t s  v e r t i c a l  conf i -gu ra t ion  enab le s  i t  t o  be  i n s t a l l . e d  

i n  a I.irui.ted space, such  as a c l o s e t .  

When t h e  Heatron evapora to r  w a s  instal.l.ed i.n t h e  expe r imen ta l  tesr 

assembly, t h e  1/3-hp b r i n e - c i r c u l a t i n g  pump was found t o  be ab1.e t o  d e l i v e r  

on ly  22 gpm i n s t e a d  of t h e  d e s i r e d  36 gpin b r i n e  f low.  The p r e s s u r e  d r o p  

a c r o s s  t h e  s ing le -pass  e v a p o r a t o r  u n i t  w a s  found to  be 0.685 p s i  a t  a 

br ine- f low rate  o f  22,25 gpm. F igu re  1-5 shows t h e  t e s t  r t3su l t s ,  where 

t h e  ra te  of h e a t  E l o w ,  $, = (U Btu h r - l  ft-2 "FAr-l) ( A  f t ? ) ,  i s  p l o t t e d  

as a f u n c t i o n  of t h e  e v a p o r a t o r  tempera ture .  Based on t h e  i n s i d e  area 

of t h e  tubes  - 3.10 f t 2  - t h e  he3 . t - t ransfer  ra te ,  p e r  OF JXTD, i s  

282 R h i / f t 2 .  The e v a p o r a t o r  w a s  r e t u r n e d  t o  t h e  f a c t o r y  and r e c i r c u i t e d  
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F i g .  15. Performance of the Rea t ron  A\$-24 cxperi-mental evap~r,xt  ox-. 

t o  a two-pass cunEigurat ion t o  l o w e r  t h e  br ine-s ide  prcs:;ure d r o p  ~ n d  to 

improve the  overall h e a t  t r a n s  Eer. T h e  improved r w u l r s  .?ICC$ :~?KWLI i n  

P i g .  1.5. A s  modif ied,  t h e  Heatron des ign  appears  t o  be feasible auti 

effective. 

5 . 4  Wat er-liea t er 'rest 

The ACES system f o r  producing donies t i c  ho t  water, s'rtcxm sclirmatically 

in Fig. 1, c o n s i s t s  of a side-arm h e a t e r  tank  that heats water drawn f rom 

the  bottom of the  hot-water  s t o r a g e  cank by ho t  retrigerant frvii i  i l i e  heat -  

pump compressor .  The r e f r i g e r a n t  flows through Ion-fin copper tlihes of a 
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desuperheater and condenser which are c o n r i r c ~ ~ e d  i n  s e r i e s  i n s i d e  t h e  water- 

hent.er tank ,  as shown i n  F i g .  1 6 %  The sur rounding  water, h e a t e d  by c o n t a c t  

wi th  t h e  o u t e r  s u r f a c e s  o r  t h e  heat-exchanger tub ing ,  rises i n  a s t a n d p i p e ,  

o r  jLhermosyphon t u b e ,  t o  t h e  hot-watcr s t o r a g e  t a n k ,  A s  h o t  water (12O0F) 

is witiidr,iwn from t h e  s t o r a g e  tank  t o  sl ipply domest ic  l o a d s ,  t h e  tank  i s  

r e p l e n i s h e d  w i t h  c o l d  i n l e t  water  from t h e  c i t y  mains. 

O R N L - O W G  76-0941  

, I ,  :2 ~ ir !FS F E M A L L  
BOTH E N D S -  

E D W A R D S  ENG 
V O D E L  W t l C - 1 6 - 2  

Fig .  16. The ACES water -hea t ing  s u p e r h e a t e r  and condenser .  

A series of experii i iental  tests w a s  conducted t o  determine t h e  adequacy 

of t h e  s y s t e m  des ign  and t o  measure t h r  r a t e  of heat t r a n s f e r  f r o m  t h e  beat- 

exchanger s u r f a c e s  i n  Lhe water -hea ter  tank  Lo t h e  sur rounding  water .  I n  

the t e s t s ,  a 3000-W v a r i a b l e  output  Chromalox h e a t e r  w a s  inunersed i n  t h e  

b r i n e  l i n e  t o  c o n t r o l  t h r  e v a p o r a t o r  load .  The ra te  of h e a t  t r a n s f e r  Lo 

t h e  wateL a t  di  f f r v e n t  e v a p o r a t o r  tempera tures  was determined by measuring 

t h e  e q u i l i b r i u m  water iinlet and o u t l e t  t empera tures  f o r  a f i x e d  f l o w  of 



water through t h e  h e a t e r  t a n k .  

then d e f i n e d  as H(TE) = Q / ( T c  - To>, where Tc, i s  rhe condensing F e m p e m & t n - e  

of t h e  r e f r i g e r a n t ,  To i s  t h e  w a t e r  outlet t empera ture ,  and I'E is the evap- 

o r a t o r  tempera ture  a t  t h e  s i m u l a t e d  f r e e z i n g  load. The  r e s u l t s ,  shcwn i n  

F i g .  17, demonst ra te  izhat t h e  h e a t - t r a n s f e r  coefficicnt increases w i t h  the 

e v a p o r a t o r  l o a d i n g  and w i t h  Lhe refrigePatmt-caIrderzsing tempera ture  .I Note 

t h a t  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t ,  as d e f i n e d ,  .Fs noL t h e  same as chat  

normally used in h c a t - t r a n s f e r  c a l c u l a t i o n s .  

A heat- t rans- i  cr c o e f f i c i e n t  H('L',> r. was 
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P i g .  1 7 .  H e a t - t r a n s f e r  c o e f f i c i e n r .  O F  trhe ACES warem^ h e a t e r  vs 
evap o r a  t o r  t enpe r a t  u r e  

5.5 Solar -Panel  Tes t  

Successful  a p p l i c a t i o n  of the ACES in. d i f f e r e n t  c1im;at: i . i :  z o ~ i e s  w i l l  

probtibly require t h e  u s e  of solar p a n e l s  or i:n-itrsi.de a i r  coi:ls to conipe1-I-- 

sate f o r  imbalances i n  the annual h e a t i n g  and cool ing  3.i:x'lds. T h e  panel 

will. be used a l t e r n a t i v e l y  e i t h e r  KO d i s s i p a t e  compressor h.ea'i by convtecticsn 

d u r i n g  s u m m e r  n i g h t  time hours  o r  t o  c o l l e c t  s o l a r  em'r-gy tiur:i.ng w i r i . t e r  day- 

t i m e  hours  f o r  s t o r a g e  I n  t h e  ice b i n ,  A so1.ar panel For this purpose,  
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iiaviiig 25 ft2 of col l .ect ing S u r f a c e ,  was des igned  and c o n s t r u c t e d .  

1-iminary r e s u l t s  obtiained wj.f.h t h e  pane l  ope ra t ing  i n  t h e  heat d i s s i p a t i o n  

mode i.ndi.cate t h a t  the c o e f f i c i e n c  of heat t r a n s f e r  t o  t h e  summertime n i g h t  

sky is  on t h e  o r d e r  of 1 .8  to 3..5 Btu h r - l  F t - 2  

planned w i t h  t h e  pane l  o p e r a t i n g  as a s o l a r  energy col1.ector i n  t h e  win ter -  

time. Because the f l u i d  f lowing  thl-ough t h e  c o l l e c t o r  tubes  will be a t  o r  

below ambient temperature ,  a h i g h  s o l a r - e n e r g y - c o l l e c t i o n  e f f i c i e n c y  i s  

an% i. c. i. p a  t e d . 

h e -  

. F u t u r e  t es t s  are  

K E F R W N C E S  FOR SECTION 5 

1. Crouch and Adams, I n c . ,  Tee Storage 8ha Cost Study, Annual QcZe 

Energy Systeril (ACES), Oak Ridge,  T ~ n i i ~ ,  December 13, 1 9 7 4 .  
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6.  FUTURE PKOGRAN AGTIVTTIES 

6 1 F i e l d  Demonstrat ions 

6 .  I. 1 Veterans r i u r ~ i n g  home I_.--- 

A t  the. r e q u e s t  of t h e  Veterans  A h i . n i s  t r a t i o n  ~ h e a t i n g  an3 cool ing  

l o a d s  have been c a l c u l a t e d  for a 60-bed n u r s i n g  home t o  be construct:c?d in 

Wilmington, Delaware. The m a x i m u 2  h e a t i n g  and c o o l i n g  h a d s  f o r  the 

n u r s i n g  home w e r e  c a l c u l a t e d  to be 230 and 1.79 k1-J r e s p e c t i v e l y .  P r e l i m h a r y  

d e s i g n  c a l c u l a t i o n s  f o r  t h i s  i n s t a l l a t i o n  i n d i c a - t e  tEm t. the ACES wou1.d b e  

economical ly  feas ib le  and would save o v e r  SOX of the ene rgy  that would 

o t h e r w i s e  be r e q u i r e d  f o r  a convent ior ia l  space-heati-ng and a i r -concl i t ioo ing  

system. T h e  COP of t h e  85-ton h e a t  pump f o r  t h e  ACES i s  about  3 . 4 9 ,  and 

t h e  volume of the i c e - s t o r a g e  f a c i l i t y  could  be as l o w  as 1.000 m3. 

of space  l i m i t a t i o n s ,  however, ii 6 0 0 - 1 ~ ~  ice  b i n  w i l l  be  i n s t a l l e d ,  

s i z e  b i n  is n o t  l a r g e  en'ough t o  meet t h e  a n n u a l  h e a t i n g  and coolixng require- 

ments of t h e  b u i l d i n g .  T h e r e f o r e ,  t h e  b i n  wi1.1. be s u p p l m e n t e d  w i . r h  a 

solar  col. lector and a n  o u t s i d e  a i r  c o i l .  

Bec,ause 

Ir1ii.s 

This large-sca1.e ACES i n s t a l l a t i o n  w i l l  h e l p  to s i i n p l i f y  t h e  load 

management problems of t h e  u t i l i t y  s e r v i n g  the n u r s i n g  home, fluring t h e  

h o t  uionths of J u l y  and August ~ when u t i . l i t i , e s  e x p e r i e n c e  their peak daytime 

l o a d  demand the t o t a l  energy requirement  c> f the ACES m r s i n g  home :i .m tal.- 

l a t i o n  amounts to less t h a n  3 kW. A t  n i g h t ,  when the l o a d  on t h e  i i t i i l i t y  

l i n e s  i.s 9.reatJ.y reduced,  t h e  major p o r t i o n  of t h e  ACES I.oacl o c c u r s .  Based 

on t h e  f a v o r a b l e  prognos is  of t h e  p r e l i m i n a r y  des%gn a n a l y s i s ,  t h e  Veterans 

A d m i n i s t r a t i o n  has dec ided  t n  proceed w i t h  t h e  f i l ial  e n g h e e r i n g  design 

and c o n s t r u c t i o n  of t h e  b u i l d i n g .  The a u t h o r s  i n t e n d  t:o remain in close 

c o n t a c t  w i t h  t h i s  demonstrat ion,  p r o j e c t  and t o  o f f e r  advi.ce and ass Ls tance 

upon r e q u e s t  . 
6 e 1 . 2  Sinrr le-f  m i l v  residence 

P r e l i m i n a r y  d e s i g n  p l a n n i n g  has  been completed for a singie-family 

r e s i d e n c e  with a demonst ra t ion  ACES which w i l l  be b u i l t  i n  the Knoxv i I l r~~ . ,  
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,see a r e a .  The p t i r p o s e  of ibis p r o j e c t  i s  t o  provide  a r e a l - l i f e  

dernonst.cation of t h e  ACES concept  and t o  ineasure i t s  performance under 

rea1.i.sti.c operat:ici.g c o n d i t i o n s  ~ T e n t a t i v e  p l a n s  c a l l  f o r  a two-story 

frame house, of l a r g e l y  c o n v e n t i o n a l  constn.icci .on,  having about  2000 f t2  

of l i v l n g  a r e a ,  'the bui.lding i s  designed t o  have t h r e e  bedroom and two 

b a t h s  ant1 w i I - 1  employ f o r c e d - a i r  h e a t i n g  and c o o l i n g  wi th  a n  ACES energy 

s o u r c e .  

The des ign  of the b u i l d i n g  d e v i a t e s  from normal c o n s t r u c t i o n  p r a c t i c e s  

i n  t h a t  s u b s t a n t i a l l y  g r e a t e r  amounts of insul.ar: ion are  provided t o  meet 

ACES requi-r'einents f o r  zcoaomical o p e r a t i o n  and t o  reduce t h e  s i z e  of t h e  

i c e - s t o r a g e  b i n .  P r e s e n t  d e s i g n  p l a n s  s t i p d a t e  t h a t  6 i.n. o f  i - n s u l a t i o n  

be provided i n  t h e  w a l l s ,  1 2  i n .  of batt insuJ.at-i.on i n  t h e  c e i l i n g ,  and 

6 i n . ,  of b a t t  insul.ati.on i n  the f l u o r .  The windows are t o  be double  g l a z e d  

and l:he o u t s i d e  doors  are t o  have 1-3/4 i n .  of ure thane  irrsul.ation and ;II-C' 

t o  be s e a l e d  wi tlh magnet ic  weather  s t l r ipp i .ng .  

The ACES components have been s i z e d  i n  accordance w i t h  t h e  c l i m a t i c  

c o n d i t i o n s  of t h e  Knoxvil l e  area and w i t h  t h e  thermal  envelope charac- 

terist ics of t h e  proposed she l l  design, Calcii1.ations performed w i t h  t h e  

'LILERMAL ACCOUNT comput.er program, u s i n g  Knoxvi l le  weather  t:a;9c! d a t a  I show 

t h a t  t h e  ACES ice-storage b i n  should  have a c a p a c i t y  of 2280 f t 3 .  

i c e  bi.n wil.1. c o n t a i n  2700 f t  of heat-exchanger t u b i n g  and w i l l  be  supple-  

mented by a s o l a r  p a n e l  with 850 f t  of t u b i n g .  (The a1.imi.num t u b i n g  i s  

0.5 in .  i.n diameter  a n d  Elas a co-extruded; 3- in .  -.wide axia.1 f i n  t o  provide  

more h e a t - t r a n s f e r  s u r f a c e  a r e a . )  The h z a t  p ~ i ~ i i p  f o r  t h e  ACES i n s t a l l a t i o n  

wiJ.1. have a h e a t i n g  o u t p u t  o f  8.8 khJ and a COP o f  about  3 .  

The 

The c a p a c i t y  of the proposed ACES i s  s u f f i c i e n t  f o r  t h e  Knoxvi l le  

climate (3500 degree-days lyear )  . The ic.c-st-orage b i n  i s  l a r g e  enough t o  

supply energy through.out t h e  heatring seasoil  w i t h o u t  r e q u i r i n g  a u x i l i a r y  

i n p u t  froin t he  sol.ar p a n e l .  Enough ice  w i l l  be formed during the h e a t i n g  

season t o  l a s t  wcll~ i n t o  t h e  cool.i.ng season. I n  the summer, a f t e r  all of 

t h e  ice  has been iiielted, t h e  h e a t  pump l a i l l  be o p e r a t e d  a t  n i g h t ,  when (:he 

q w r a t u r e  i .s heJ.ow 80"F, t o  r e g e n e r a t e  i c e  f o r  use i n  c o o l i n g  tile 

b u i l d i n g  d u r i n g  daytime h o u r s .  'The_ compressor h e a t  w i l l  be used t o  produce 

domestic h o t  w a t e r  o r  w i l l  be r e j e c t e d  t o  the  night. a i r  by t h e  s o l a r  paclel., 



55 

The demonst ra t ion  b u i l d i n g  w i l l  be  equipped w i t h  a d a t a - a c q u i s i t i o n  

system which w i l l  l og ,  on an 1iourI.y basis ,  t h e  performance of i n d i v i d u a l  

components and of t h e  sys tem as a whole. A f t e r  a p e r i o d  of normal-mode 

o p e r a t i o n  of t h e  sys tem under  Knoxvi l le  c l imat ic  c o n d i t i o n s ,  system opera- 

t i o n  s i m u l a t i n g  o t h e r  climates and o t h e r  inodes of c o n t r o l  is planned.  The 

s u c c e s s f u l  demonst ra t ion  o f  t h e  ACES under  a c t u a l  f i e l d  c o n d i t i o n s  i-s ex- 

p e c t e d  t o  p r o v i d e  a major  impetus  t o  widespread commercial a d o p t i o n  of t h e  

ACES throughout  t h e  c o u n t r y .  For this r e a s o n  t h e  demonstration p r o j e c t  i s  

be ing  accorded h igh  p r i o r i t y  and e f f o r t s  are be ing  made t o  a t t a i n  a c t u a l  

o p e r a t i o n  of the f a c i l i t y  i n  e a r l y  1976.  

6 . 2  CommerciaZization 

6 . 2 . 1  Informat ion  exchange 

I n  a d d i t i o n  t o  t h e  ACES demonst ra t ion  p r o j e c t ,  awareness of the ACES 

concept i s  b e i n g  a c t i v e l y  promoted on an  informal  b a s i s  by c.he s t r e n g t h e n i n g  

of c o n t a c t s  w i t h  p o t e n t i a l  ACES component manufac turers  Over t h e  r e p o r t  

p e r i o d  b u i l d i n g  c o n s u l t  ants and r e p  resent a t  i v e s  of component rnanuf a ct u r e r s  
have v i s i t e d  t h e  Oak Ridge N a t i o n a l  Labora tory  t o  o b t a i n  i n f o r m a t i o n  on  t h e  

ACES system and i t s  requi rements .  Aboslt 25 manufac turers  have c o n s u l t e d  

with t h e  Labora tory  and 'nave i n s p e c t e d  t h e  ACES test f a c i l i t y  wi th  the view 

o f  o b t a i n i n g  i n f o r m a t i o n  re la t ive  t o  t h e i r  p o s s i b l e  p a r c i c i p a t i o n  i n  an 

ACES demonst ra t ion  p r o j e c t .  In  1.i.ght of t h i s  growing i n t e r e s t  211 the ACES 

concept ,  t h e r e  appears  t u  b e  a d e f i n i t e  need f o r  a more forma1 method of  

d i s s e m i n a t i n g  i n f o r m a t i o n  about  ACES on a b r o a d e r  b a s i s .  

To h e l p  m e e t  t h e  need f o r  ii b r o a d e r ,  improved i n f o r m a t i o n  exchange, 

an ACES workshop was h e l d  i n  t h e  autumn of 1975.  I n v i t a t i o n s  were extended 

t o  r e p r e s e n t a t i v e s  f r o m  major  components manufac turers  d e s i g n e r s  of h e a t i n g  

and c o o l i n g  systems,  a r c h i t e c t u r a l  and e n g i n e e r i n g  f i r m s ,  b e a t - t r a n s f e r  

equipment manufac turers ,  u t i 1  i t i e s ,  consumers, r e f r i g e r a t i o n  system nianu- 

f a c t u r e r s ,  bankers ,  and o t h e r  marke t ing  i n t e r e s t s .  It  is hoped t h a t  this 

broad r e p r e s e n t a t i o n  from t h e  b u i l d i n g  and manufactur ing i n d u s t r i e s  will 

e x p e d i t e  t h e  e a r l y  commerc ia l iza t ion  of ACES. 



6 . 2 . 2  ACES des ign  manual 
__I- 

P r e s e n t  des ign  methods f o r  ACES a p p l i c a t i o n s  use  coiiiput:er progrmis  

t u  de te rmine  t h e  h e a t i n g  and c o o l i n g  l o a d s ,  t h e  annual  energy budget ,  and 

t h e  proper  s i z e s  of components cor responding  t o  t h e  s p e c i f i c  b u i l d i n g  and 

cliiiiatic zone be ing  cons idered .  I n  t h e  f u t u r e ,  as a p p l i c a t i o n  of t h e  ACES 

becomes more widespread,  computer f a c i l i t i e s  f o r  t h i s  purpose w i l l  i n e v i -  

t a b l y  be u n a v a i l a b l e  t o  many p r o s p e c r i v e  d e s i g n e r s  and bui.l.ders . Thus , a 

manual i s  needed t o  d e s c r i b e  the u n d e r l y i n g  p r i n c i p l . e s  of t h e  ACES concept 

and t o  provide  s tep-by-step i n s t r u c t i o n s  f o r  d e s i g n i h g  an ACES i n s  L a l l a t i o n  

wi thout  t h e  a i d  of a computer. The d e s i g n  manual could  f u r n i s h  p e r t i n e n t  

weather  data f o r  all s e c t i o n s  of t h e  n a t i o n ,  necessary  f o r  p r o p e r l y  s i z i n g  

and riiatcliiiig s y s  tern components ~ Informat ion  on equipmcmt: a v a i l a b i l i t y  and 

performance c h a r a c t e r i s  ti.c:s should  be provided.  Recognizing t h e  e v e n t u a l  

needs of a r c h i t e c t s ,  d e s i g n e r s  and b u i l d e r s  who may wish t o  apply  ACES 

p r e s e n t  program pl-anntng calls f o r  t h e  p r e p a r a t i o n  of a coiiiprehensive 

ACES des ign  manual. i n  t h e  n e a r  f u t u r e .  

6 .2 .3  Components __ .- ... . 

V i s i t e d  dur ing  t h i s  phase  of t h e  progr&m have been nui-wrous companies 

e i t h e r  c u r r c a t l y  produci.ug components s u i t a b l e  f o r  use i n  ACES o r  planni.ng 

t o  do s o  i n  t h e  E u t u r e *  The concern w i t h  equipruent s e l e c t i - o n  i s  t o  i d e n t i f y  

high-perf orrriaiice equipment t h a t  will y i e l d  t h e  b e s t  o p e r a t i n g  r e s u l t s  and 

to be aware of p o s s i b l e  new devel.opments i n  t h e  fi.el.d of heati-ng and c o o l i n g  

systems.  The s e a r c h  f o r  improved components ~ through d i r e c t  c o n t a c t s  w i t h  

indus t : ry ,  i s  an ongoing process  t:ha.tr w i l l  be mai-ntained as an e s s e n t i a l  p a r t  

of f u t u r e  program a c t i v i t i e s .  
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Appendix A 

ACES COMPONENTS TEST ASSEMBLY 
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Equipment S p e c i E  i c a  . . . .- t i o n s  . . . __ ...... ~ 

Compressor - Coplernatic Model ~ ~ ~ - 1 - 0 1 5 0 - 1 ’ A D  4 4 0 - V ,  3-phase 

Freei:Liig tank  3/8-- in .  s t ee l ,  1 2  ft long  x 5 f t  wide x 4-112 f t  deep, 
i n s u l a t e d  w i t 1 1  1 i n .  of Armaflex 

Electric heatpi-  -- Chromalox, 240-V, 1OOO-W,  C a t  1; AK‘IM 3000 

Ral.last coi1.s - 1 / 2 - i [ i .  s t ee l  p i p e ,  ga lvan ized  and b l a c k  i r o n ,  6- in ,  CC 

1.82 l i n  f t  e3 

h’rceze test c o i l  - ~ 2 6  f t  a c t i v e  c o i l ,  3 i n .  wide,  0 .020  f i n ,  1 1 2  OD tube  x 
0.035 wal 1.. 

Brine tank - S t a i n l e s s  s i e e l  drum, 1 i n .  AmaElex i n s u l a t i o n  

Kvaporator Heatron, s k e t c h  SK-ECH-1875 (1 /8 /75 ) ,  F i g .  6 

Sca le s  C h a t i l l o n ,  type  6100 0-loo# 

D e s u p e r h e a t e r l c o n d e n s e ~  - Edwards Engineering Company, p e r  ske tch  F ig .  8 

Domestic Wai-er Tank 22 in. d j m i  x 26 i.n. i i igh,  50 gal ~ 1 i n .  Armaflex 
iiis u l  a t  ion  

H e a t  cxr1,anger Heatron pa l  t //l50-B 

Pump 1 .... Teel, Mod 3P577a, 1 i n .  Dayton 1/3-hp motor 

Pump 2 -- B and G ,  1 / 1 2  l ip,  3 /4  in. (P3-113-5-3-) 

Pliinp 3 - R and G ,  116 hp,  314 i n .  (118F2V) 

T n e r r n c ~ s i ~ t i c  evpaiision v a l v e  - 8 2 ,  VG,  SUE-3, 318 x 5/8 ODF, 5 f r  Spor lan  

Br ine  tank  c o p p ~ r  c o i l  1/2-in. copper ,  50 f t  long 
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